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Executive Summary

Earth’s climate is determined by the exchange of radiant energy between the Sun, Earth
and space. If Earth absorbs more energy from the sun as visible light than it emits to space as
thermal infrared radiation, it will eventually warm up, altering precipitation patterns, sea level,
and extreme weather. Earth’s radiation budget (ERB) describes how radiant energy from the Sun
and thermal infrared radiation emitted by Earth are distributed at the surface, within the
atmosphere and at the top-of-atmosphere (TOA). State-of-the-art climate models project large
changes in our climate due to changes in ERB that result from increases in well-mixed greenhouse
gases, changes in aerosol concentration and land-usage. The need to monitor ERB and the
components of the climate system that it interacts with cannot be overstated: ERB observations
provide crucial constraints on climate model projections of future warming and enable a process-
level understanding of the energy flow within the climate system and how it is changing.
Observations of ERB were amongst the first recorded from space at the start of the satellite era
in the 1950s and have been a key NASA priority ever since.

The longest continuous global observational record of ERB from instruments designed to
measure ERB is from the Clouds and the Earth’s Radiant Energy System (CERES), which starts in
2000. CERES broadband radiometers, moderate resolution spectral imagers, and meteorological
and aerosol assimilation data are combined to provide climate data records (CDRs) of ERB at the
TOA, surface and various levels in the atmosphere. The CERES data products provide radiative
fluxes and the corresponding cloud, aerosol and meteorological data over a range of time-space
scales, from instantaneous footprint (Levels 1b and 2) to global monthly (Levels 3 and 3b). They
support research in many areas, including: Earth’s energy imbalance, climate feedback, aerosol
radiative forcing, regional energy budgets, atmospheric and oceanic energy transports, surface
and atmospheric energy balance, general circulation, polar climate and climate model evaluation.

Six CERES instruments are in orbit flying aboard the Terra, Aqua, Suomi National Polar-
orbiting Partnership (SNPP) and NOAA-20 satellites. Five of the six CERES instruments are well
beyond their nominal five-year design lifetime. As a result, there is a 50% probability that a data
gapinthe ERB record will occur in the mid-2020s unless another ERB instrument is launched. The
intended follow-on to CERES—the Radiation Budget Instrument (RBI)—in development since
2014, was cancelled by NASA HQ in January 2018 due to cost overruns. RBI’s cancellation
occurred immediately following release of the 2017 Earth Science Decadal Survey (DS), which
had recommended that RBI be part of the Earth Science “Program of Record” over the next
decade. NASA Earth Science Division (ESD) decided to replace RBI with a lower cost alternative
through the new Earth Venture-Continuity (EVC) program, introduced in the 2017 DS to provide
competed, cost-capped small missions for sustained observations of selected climate variables.
The Announcement of Opportunity (AO) for the EVC ERB instrument is expected in December
2018. Following launch of the EVC ERB instrument and successful completion of its Post-Launch
Assessment Review (PLAR), measurements from the new EVC ERB instrument will be ingested
into the existing CERES processing system to extend the CERES ERB record. NASA HQ will assign
responsibility for operation, health and safety monitoring, instrument calibration and generation
of higher level data products to the Radiation Budget Science Project (RBSP) at NASA Langley,
which also has responsibility in these areas for CERES.



In preparation for the AO, NASA HQ formed an ERB Science Working Group (SWG) tasked
with generating instrument and measurement characteristics that would allow continuation of
the CERES ERB CDR under the EVC ERB opportunity. This report summarizes the
recommendations of the ERB SWG. It builds upon three earlier community workshop reports:
“Achieving Satellite Instrument Calibration for Climate Change (ASIC3)”, held in 2002 and 2006,
and “Continuity of Earth Radiation Budget (CERB) Observations: Post-CERES Requirements”, held
in 2011.

Observational Characteristics Recommendations:

Since the aim of the EVC ERB instrument is to continue the CERES record, the ERB SWG
recommends that the EVC ERB instrument have many of the same characteristics as CERES. The
ultimate goal is to provide an instrument that is “backwards compatible” with CERES to avoid any
discontinuities or artificial jumps in the ERB CDR. Following is a list of recommended minimum
characteristics for the EVC ERB instrument:

e Filtered radiances should be provided in the shortwave (SW; wavelengths between 0.3
and 5 um), total (TOT; wavelengths between 0.3 and >100 um), and longwave (LW;
wavelengths between 5 and >35 um) regions.

e The spatial resolution of CERES is 20 km (nadir equivalent circle diameter) on Terra and
Aqua and 24 km on SNPP and NOAA-20. For the EVC ERB instrument, the ERB SWG
recommends a spatial resolution that is 25 km or better. Furthermore, the fields-of-view
for different channels must be co-registered.

e |tisrecommended that the EVC ERB instrument provide near-global coverage daily, which
is consistent with what CERES provides when in crosstrack mode.

e CERES can be commanded to operate in crosstrack and alongtrack modes as well as rotate
in azimuth as it scans in elevation. While it would be preferable if the EVC ERB instrument
retained this capability, the ERB SWG recognizes that this may be more challenging
technically and therefore more costly. Consequently, the ERB SWG recommends that at
a minimum the new EVC ERB instrument operate in crosstrack or fixed azimuth plane
mode.

e The radiometric accuracy of the EVC ERB instrument should be 1% SW and 0.5% for TOT
and LW (k=1). Radiometric stability should be 0.3%/decade (k=1). The levels of accuracy
and stability should be met under all-sky conditions as well as individual scene types (e.g.,
clear ocean, land, snow, etc.).

e EVC ERB should include onboard calibration for detecting and correcting sensor
calibration drifts across the spectral range of each channel.

e EVC should enable periodic solar and lunar calibration to demonstrate accuracy and
stability, and cross calibrate and validate with on-board sources.

e Instrument characterization and ground calibration of its spectral, spatial, temporal and
radiometric properties need to be traceable to NIST standards. The ground calibration
campaign should determine the absolute calibration for the broadband sensors and tie
the on-board calibration sources to NIST traceable references on the ground. Pre-launch



calibration activities should also verify the instrument’s short-term variability, drift and
linearity.

The EVC ERB instrument should be Class C with a 5-year nominal lifetime.

As all CERES instruments except those on Terra are in an ascending sun-synchronous orbit
with a 13:30 local equator crossing time, it is recommended that the EVC ERB be within
15 min of a 13:30 local equator crossing time.

The new EVC ERB instrument should provide a minimum of 6 months overlap with at least
one of the remaining CERES instruments.

CERES data processing involves a high level of data fusion that requires coincident imager
measurements (MODIS or VIIRS) to provide detailed information about the properties of
the scene observed by CERES. It is recommended that the EVC ERB instrument fly on the
same satellite or within 3 minutes of an imager that has equivalent spatial resolution and
spectral channels as VIIRS (see Table 5-2).

Programmatic Recommendations:

Key members of the RBSP Instrument Working Group should participate in pre-flight
instrument calibration and characterization activities. This will provide critical, first-hand
knowledge to the team and enable efficient instrument operations.

In order to ingest a new EVC ERB instrument into the existing CERES processing system,
the EVC ERB instrument provider will need to work closely with the RBSP instrument and
data management teams to ensure all the required pre-launch information is collected,
instructions and software to operate the instrument are ready at launch, and ERB data
needed for the Levels 0, 1B and 2 stages of the processing are captured.

The instrument development group should use a structured content management system
to organize and track configuration of information specific to pre-flight characterization
and calibration of the instrument. This information will be key to on-orbit operation,
calibration and anomaly resolution and should be made available to the RBSP for use
during instrument operations.

The EVC ERB instrument provider should use the existing ESDIS EDOS system at GSFC to
produce Level 0 data if the instrument were to fly on the JPSS-3 platform. Data
connectivity is already in place between the JPSS Common Ground System and EDOS and
again between EDOS and the ASDC at Langley. Similarly, EDOS is already equipped to
produce LO files for other JPSS missions and the plan was to model this approach for RBI,
so the hooks are in place to make this process easy and efficient should this option be
exercised.

Vi



1. Introduction

Earth’s Radiation Budget (or Balance), henceforth ERB, represents a balance between
incoming solar radiation reaching the top-of-atmosphere (TOA) and outgoing reflected solar and
thermal radiant energy emitted by the Earth—atmosphere system. When the climate system is
forced by natural or anthropogenic factors, an imbalance in the TOA ERB results. Examples of
natural forcings include changes in solar output and volcanic eruptions, while anthropogenic
forcings include emissions of greenhouse gases and aerosols, and changes in land-usage (IPCC,
2013). A positive (negative) Earth Energy Imbalance (EEI) means the Earth is absorbing more (less)
solar energy than it is emitting as infrared radiation, causing it to eventually warm (cool). Forcing
of the climate system results in perturbations of Earth’s energy flows in ways that are not yet
fully understood with potentially grave consequences for humanity. At the surface, the radiation
budget determines how much energy is available to drive the hydrological cycle: the surface ERB
sets the energy limit that enables water to evaporate into the atmosphere and eventually return
as precipitation. Regional imbalances in TOA net radiation give rise to atmospheric and oceanic
circulations, which transport heat from regions with a surplus of radiant energy (e.g., low
latitudes) to regions that have a deficit in radiant energy (high latitudes). Superimposed on the
climate change signal associated with radiative forcing is the large internal variability of the
climate system, which also causes variations in the ERB. Internal variations can occur over a range
of time—space scales, associated with synoptic weather events, atmosphere—ocean interactions
(e.g., El Nifio—Southern Oscillation, ENSQ), volcanic eruptions, and low-frequency multidecadal
fluctuations (e.g., Pacific decadal oscillation, PDO).

In order to make reliable projections of climate and plan as a society for potentially
significant environmental changes, a process-level understanding of the flow of energy within
the climate system and how it interacts with Earth’s subsystems (atmosphere, hydrosphere,
lithosphere and biosphere) is needed. In this context, accurate long-term ERB observations play
a key role. In addition to helping improve our understanding of climate processes, they provide
critical constraints on climate model projections of future warming. Sustained, accurate
observations of ERB are thus an essential part of the Earth observing system. This is
acknowledged in multiple national and international community reports and publications,
including the recent 2017 Decadal Survey (DS) (NRC, 2007; NASEM, 2018; GCOS, 2010; Trenberth
et al,, 2013; Wielicki et al., 2013; von Schuckmann et al., 2016; Weatherhead et al., 2018).

Satellite observations of ERB began in the late 1950s, at the start of the satellite era
(House et al., 1986; also see Appendix A). Scientists had long wanted to quantify Earth’s albedo,
determine how much thermal infrared radiation Earth emits, and describe how energy is
distributed and exchanged within the climate system (Hunt et al., 1986). The Explorer-7 satellite
provided the first usable wide field-of-view (WFOV) nonscanning measurements of the total
(reflected solar and emitted thermal) radiation from Earth. The 1960s was a period of rapid
advances with the Television Infrared Observational Satellite series, which brought together
broadband ERB instruments and five-channel scanning radiometers on the same platform for the
first time. Unfortunately, the early satellite missions had lifetimes limited to roughly 1 year or
less. It was not until the Nimbus-7 ERB mission in the late 1970s that a multi-year ERB dataset
was collected. Nimbus-7 ERB included total solar irradiance, reflected solar, and emitted thermal
measurements from both narrow-field-of-view (NFOV) scanner and WFOV nonscanner



instruments. In the 1980s, the Earth Radiation Budget Experiment (ERBE) flew on multiple
satellites and included NFOV and WFOV ERB radiometers and solar radiometers. On the NOAA-9
and NOAA-10 satellites, ERBE instruments flew on the same satellite as AVHRR imagers. The ERBE
WFOV instrument on Earth Radiation Budget Satellite (ERBS) was operational from 1985 to 2000
(Wong et al., 2006). During the 1990s, there were two launches of the Scanner Radiation Budget
(ScaRaB) instrument onboard the Meteor and Resurs satellites, which lasted less than 1 year due
to spacecraft anomalies. A ScaRaB instrument is currently flying on the Megha-Tropiques mission
(Roca et al., 2015), which provides coverage over the Tropics from an inclined orbit. The only
geostationary ERB instruments to fly are the four Geostationary Earth Radiation Budget (GERB)
instruments (Harries et al., 2005), which were successively launched on the EUMETSAT Meteosat
Second Generation geostationary satellites, covering Africa, South America and Europe.

Following the ERBE experience, NASA decided to build multiple NFOV scanner
instruments as part of the Clouds and the Earth’s Radiant Energy System (CERES) (Wielicki et al.,
1995; Wielicki et al., 1996). The choice of NFOV over WFOV was deliberate based upon science
and practical considerations. ERBE WFOV instruments presented significant calibration
challenges (especially thermal offsets), and due to their coarse spatial resolution of thousands of
kilometers, provided limited scientific return compared to what had been obtained with the ERBE
NFOV scanners. The pre-launch hopes that the WFOV instruments would achieve absolute
accuracies sufficient to directly measure EElI were never realized owing to calibration and
algorithm uncertainties (Wong et al., 2018). To this day, the same challenges exist in modern
WFOQOV instrument designs.

CERES scanner instruments built in the 1990s have launched on TRMM, Terra, Aqua, SNPP
and NOAA-20 satellites. Unlike most of the earlier missions involving scanners, CERES
instruments have lasted remarkably long. While the CERES Proto-flight model (PFM) on TRMM
failed after only 8 months of operation, CERES FM1-FMS5 are all well beyond their nominal 5-year
design lifetime, at 18, 16 and 7 years for Terra, Aqua and SNPP, respectively. CERES FM6 on
NOAA-20 launched in 2017. CERES instruments fly alongside imagers (MODIS, VIIRS), which play
a critical role in CERES data product generation. The CERES record starts in 2000 and represents
the longest continuous global ERB record available. The observations from CERES have provided
a wealth of information for climate model evaluation and improved understanding of NASA’s
focus areas: climate variability and change, water and energy cycle, weather and applied
sciences. With improved understanding about the coupled nature of the climate system, many
more scientific questions involving ERB have emerged since the beginning of the satellite era. The
questions are primarily associated with how Earth’s energy budget is changing and how clouds,
aerosols, surface, atmosphere-ocean circulations, and atmosphere-ocean-land processes
respond and further alter Earth’s energy budget (Boucher et al., 2013; Bony et al., 2015; Stevens
and Bony, 2013). To help address these questions, NASA’s Radiation Budget Science Project
(RBSP) (also known as the CERES Science Team) is producing a comprehensive ERB Climate Data
Record (CDR) from CERES and other observational datasets (Loeb et al., 2016a). The RBSP is the
only project worldwide whose prime objective is to produce global, climate-quality ERB data from
dedicated ERB satellite instruments.

In recognition of the continued scientific importance of ERB and NASA’s significant
contributions, the 2007 and 2017 DS reports (NRC, 2007; NASEM, 2018) recommended that ERB
satellite observations be continued beyond CERES. The 2017 DS identified the CERES data record



and Radiation Budget Instrument (RBI) follow-on as the primary means to address Science
Question C-2: “How can we reduce the uncertainty in the amount of future warming of the Earth
as a function of fossil fuel emissions, improve our ability to predict local and regional climate
response to natural and anthropogenic forcings, and reduce the uncertainty in global climate
sensitivity that drives uncertainty in future economic impacts and mitigation/adaptation
strategies?”

Following the release of the 2017 DS, the RBI instrument was cancelled by NASA HQ due
to cost overruns. In light of this, and in response to the DS recommendation that ERB
observations be continued beyond CERES, NASA HQ formed an ERB Science Working Group
(SWG), which was tasked with defining the instrument and measurement characteristics needed
in order to extend the ERB CDR beyond CERES under a cost-capped Earth Venture-Continuity
opportunity, anticipated to be released in December 2018. This report summarizes the findings
of the ERB SWG. It builds upon three earlier community workshop reports on ERB observational
requirements. The first two, “Achieving Satellite Instrument Calibration for Climate Change
(ASIC3)”, were held in 2002 and 2006 and are documented both as workshop reports and
publications (Ohring et al.,, 2004, 2005, 2007). The second workshop, “Continuity of Earth
Radiation Budget (CERB) Observations: Post-CERES Requirements”, was held in 2011 and
documented in Bates and Zhao (2011).

Since the prime objective of ERB continuity is to continue an existing ERB CDR, it is
worthwhile defining what is meant by “CDR” and “continuity”. According to the U.S. National
Research Council (NRC, 2004), a CDR is defined as "a time series of measurements of sufficient
length, consistency, and continuity to determine climate variability and change”. Here,
“continuity” refers to more than merely acquiring measurements of a “continuity variable”
without regard to the current characteristics of the measurement. According to the NRC
Continuity Report (NASEM, 2015), continuity of an Earth measurement “exists when the quality
of the measurement for a specific quantified Earth science objective is maintained over the
required temporal and spatial domain set by the objective”. In this context, “quality” is
characterized by the “combined standard uncertainty, which includes instrument calibration
uncertainty, repeatability, time and space sampling, and data systems and delivery for climate
variables (algorithms, reprocessing, and availability)’. A multi-instrument measurement
campaign aimed at producing a CDR is thus subject to the requirement that subsequent
instruments produce “backward compatible” observations that allow continuation of the CDR
without introducing discontinuities in the record.

In Section 2 of this report, we provide some background information on NASA’s current
ERB observations and describe a roadmap for future ERB observations through the new Earth
Venture-Continuity opportunity. We also provide more detail about the purpose, composition
and objectives of the ERB SWG, and discuss the likelihood of a data gap in the ERB record given
the current and planned ERB instruments. This is followed in Section 3 by an overview of the
science addressed by ERB observations. In Section 4, we focus specifically on how a new ERB
instrument would feed into the existing processing system in order to extend the CERES CDR. A
summary of the observational characteristics recommended by the ERB SWG is given in Section
5. Additional background information and detail about some of the areas covered in the main
body of this report are provided as appendices: Appendix A provides a brief history of ERB
observations; Appendix B describes the CERES instrument characteristics, algorithms and data



products; Appendix C lists selected science highlights involving CERES datasets that have been
published in peer-reviewed scientific journals.



2. Status of Current and Future ERB Observations
2.1 CERES

CERES instruments are currently flying on Terra, Aqua, SNPP, and NOAA-20 satellites
(Figure 2.1). CERES instruments FM1-FM5 are all well beyond their nominal mission lifetimes, and
FM6 on NOAA-20 launched in November 2017. Terra is in a descending sun-synchronous orbit
with an equator-crossing time of 10:30 local time, while Aqua, SNPP, and NOAA-20 are in
ascending sun-synchronous orbits with a 13:30 local time equator-crossing time. CERES FM1-FM6
provide global coverage daily and fly alongside imagers that measure spectral radiances at a
spatial resolution of 1 km or better (MODIS or VIIRS).

CERES instruments measure filtered radiances. A filtered radiance is the radiance incident
at the instrument aperture convolved with the spectral responsivity of the instrument. An
unfiltered radiance has had the instrument effects removed. CERES FM1-FM5 instruments
measure filtered radiances in the shortwave (SW; wavelengths between 0.3 and 5 um), total
(TOT; wavelengths between 0.3 and 200 um), and window (WN; wavelengths between 8 and 12
pum) regions. CERES FM6 on NOAA-20 also has SW and TOT channels but the WN channel was
replaced with a longwave channel (LW; wavelengths between 5 and 35 um). The spatial
resolution of CERES footprints varies with satellite altitude because the telescopes for all CERES
instruments are identical. On TRMM, the footprint size was 10 km (nadir equivalent circle
diameter), while on Terra and Aqua it is 20 km. On SNPP and NOAA-20, the CERES footprint size
is 24 km.
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Figure 2.1 Timelines of each phase of development for CERES instruments on different satellites.

A unique feature of CERES is that it can be commanded from the ground to scan in
different modes. In crosstrack mode, the scan is perpendicular to the ground track so that spatial
sampling is optimized, providing global coverage daily. This is the primary mode used to produce
CERES Level-3 gridded data products. The CERES rotating azimuth plane (RAP) scan mode relies
on the instrument’s azimuthal axis drive system to optimize angular sampling. When in RAP
mode, the instrument scans in elevation as it rotates in azimuth, thereby acquiring radiances over
a full hemispheric range of viewing zenith and relative azimuth angle combinations. CERES RAP
data were used in order to construct CERES angular distribution models (ADMs) (Loeb et al., 2005;



Su et al., 2015a), which describe how TOA radiances normalized by flux vary with sun-Earth-
satellite viewing geometry and scene type. A “scene type” is a specific Earth view with distinct
characteristics and properties (e.g., clear ocean, desert, cloud, etc.). The ADMs are needed in
order to convert measured radiances to radiative fluxes (see also Appendix B). CERES can also be
placed in alongtrack mode in order to acquire measurements of a target from multiple viewing
zenith angles. Finally, in the programmable azimuth plane (PAP) mode, the CERES angular
sampling is commanded from the ground by uploading instructions to the instrument to acquire
multiangle measurements for specific scientific experiments (e.g., field campaigns,
intercalibration with other instruments, etc.). In addition, azimuth rotation enables the moon to
come into view between the nadir side of the instrument and the limb of the Earth, enabling
validation of in-orbit instrument stability performance (Daniels et al., 2015).

Prior to launch, the CERES instruments underwent extensive ground calibration at a
radiometric calibration facility (RCF) located at Northrop Grumman Aerospace Systems (formerly
TRW Space and Technology Group) in Redondo Beach, CA (Lee Il et al., 1998). The primary in-
flight calibration systems used to detect drifts in CERES sensor gains are the Internal Calibration
Module (ICM) and the Mirror Attenuator Mosaic (MAM) (Lee et al., 1992; Priestley et al., 2000;
Priestley et al., 2011). The ICM consists of two blackbody calibration sources for the TOT and WN
sensors and a Shortwave Internal Calibration Source (SWICS) for the SW sensor. The blackbodies
operate at temperatures of 295K, 305K and 315K, and are monitored by a platinum-resistance
thermometer. The SWICS consists of an evacuated quartz tungsten lamp operating at three
discrete current levels producing spectra equivalent to 2100 K, 1900 K and 1700 K brightness
temperatures. The radiometers observe the ICM in every normal cross-track elevation scan.
Monthly gains are determined from ICM calibrations performed weekly, and a 5-month running
mean is used to reduce noise. The MAM is a solar diffuser plate used for calibrating the SW and
TOT sensors. It consists of a baffle to block stray light and a nickel substrate with aluminum
coated spherical divots that attenuate and redirect the solar radiation into the field of view of
the sensors.

CERES data products provide a comprehensive set of observed parameters required in
order to address climate research involving ERB (Wielicki et al., 1996; Loeb et al., 2016a).
Radiative fluxes are determined at the TOA, surface and within the atmosphere for all-sky and
clear-sky conditions together with the associated cloud, aerosol and meteorological properties.
The data products are available over a range of time-space scales, from instantaneous footprint
to global monthly mean. As an example, Figure 2.2 shows Earth’s global mean energy budget
derived from CERES data products. At the TOA, observations from CERES instruments and a total
solar irradiance monitor (Kopp et al., 2005) are the primary data sources, subject to a constraint
on EEIl from in-situ observations (Loeb et al., 2009a; 2018a). Surface and within-atmosphere
radiative fluxes are derived from imager-based cloud, surface and aerosol property retrievals,
meteorological input from reanalysis, and microwave radiometer snow/ice maps (Kato et al.,
2013; Rose et al., 2013; Rutan et al., 2015; Kratz et al., 2010).

Figure 2.3 shows the CERES data processing flow, providing further detail about the high
level of data fusion involved in CERES data product generation. Data products (colored boxes) are
either footprint scale (levels 1b and 2), instantaneous gridded (1°x1° latitude-longitude), or time-
averaged gridded (level 3). The coincident imager measurements (MODIS or VIIRS) provide
detailed physical and optical properties within the coarser CERES footprints. This enables



improved accuracy in converting CERES radiances to radiative fluxes (Su et al., 2015a,b) and
reliable identification of cloud-free areas within CERES footprints (Minnis et al., 2011; Trepte et
al., 2018). In addition to the imager flying alongside CERES, contiguous geostationary imager
measurements covering latitudes equatorward of 60° are used to infer hourly cloud-radiation
data between CERES observation times (Doelling et al., 2013). This produces the synoptic stream
(“SYN Stream”) of data products. An alternate treatment of the diurnal cycle is to interpolate
radiative fluxes between observation times using empirical models of the diurnal cycle (single
scanner footprint, or “SSF Stream”, Earth Radiation Budget Experiment, or “ERBE-Like Stream”).
Both the SYN1deg and SSF1deg approaches are used to produce the Energy Balanced and Filed
(EBAF) products, which serve as the primary CERES ERB CDR (Loeb et al., 2018a; Kato et al., 2018).

Since the start of CERES, the RBSP has processed data from 7 CERES instruments, 1 VIRS,
2 MODIS, 2 VIIRS and 20 geostationary imagers, all integrated to obtain climate accuracy in
radiative fluxes from the top to the bottom of the atmosphere. A total of 25 unique input data
sources are used to produce 18 CERES data products. Over 90% of the CERES data product volume
involves two or more instruments. Periodic reprocessing of the entire CERES record is performed
to ensure that the data record reflects variations in the climate system as opposed to artifacts
associated with algorithm and/or input data changes. Currently, the CERES data products are in
their fourth edition. A more detailed description of the CERES instrument, algorithms and data
products is provided in Appendix B.
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Figure 2.3 CERES data processing flow.

2.2 RBI
NASA was overseeing the build of the RBI, a broadband radiometer functionally similar to

the CERES instruments, to enable the continuation of the CERES ERB CDR, intended for launch on
the JPSS-2 platform in 2021. Responsibility for ERB measurements was transferred from NOAA
to NASA in the 2014 President’s Budget. A contract with Harris Corporation (formerly ITT Space
Systems, a subsidiary of Excelis, Inc.) was initiated in 2014 for this purpose. It was intended to be
an improved copy of the CERES FM6 instrument, with a 7 year rather than 5-year design lifetime.
However, RBI ran into cost and schedule problems almost immediately. Cost to build, originally
set at 179.4 million dollars, ballooned to over 300 million dollars by January 2018. NASA SMD
therefore decided to cancel the build in January 2018.
2.3 EV-Continuity

Due to the importance of ERB measurements, its congressionally-mandated

responsibility, and a commitment to continuing the long history of radiation budget
measurements at NASA, the RBI cancellation decision memo included an action for the NASA



Earth Science Division (ESD) to develop a “detailed programmatic plan and associated schedule
and budget” to replace the RBI mission with a lower cost alternative, exploiting a
recommendation in the 2017 Earth science DS [NASEM, 2018] for ESD to initiate a new line of its
“Earth Venture” program, to be known as Earth Venture-Continuity (EVC). The action to replace
the RBI mission with an EVC alternative was also taken by NASA in recognition of the fact that
RBI was considered in the 2017 DS to be part of the Earth Science “Program of Record,” and that
its implementation as planned was recommended in the DS (Recommendation 3.2). The DS
envisioned that the program would solicit new and innovative ways to continue existing
measurements, but at a reduced cost.

The “Earth Venture” program within NASA’s ESD focuses on low-cost, cost-capped,
competed Principal Investigator (Pl)-led flight missions that provide an opportunity for innovative
Earth science approaches. It was established in response to recommendations of the 2007 DS
[NRC 2007]. There are currently three versions of the Earth Venture (EV) program: Earth Venture-
Instrument (EVI), Earth Venture-Mission (EVM), and Earth Venture-Suborbital (EVS). EVI funds
the construction of a flight instrument and its operation. Accommodation and launch costs are
provided by NASA ESD. EVM funds small whole missions, including launch. Here, the PI has a
choice of finding their own access to space or purchasing launch services from NASA. EVS funds
suborbital missions. This component focuses on acquisition of measurements from airborne or
balloon-borne platforms.

As recommended in the 2017 DS (Recommendation 3.2), the EVC program would consist
of competed, cost-capped small missions—similar to the Earth Venture Mission program—to add
a focus in NASA ESD’s portfolio on continuity-driven observations and provide opportunity for
sustained observations. The DS recommendation is based on the idea that some important
scientific questions require long data sets to address them, and that in order to be sustainable
over the long term, acquisition of these data sets cannot be so costly that they disrupt the ability
to make new measurements.

NASA has created an EVC program with the first mission to focus on construction and
flight of an affordable radiation budget instrument that can continue the current radiation
budget data record. Since the ideal platform to host a follow-on radiation budget instrument is
JPSS-3, due to launch in 2027, this instrument needs to be built no later than 2025, allowing time
for integration. Given a nominal 5-year build, a date for selection of the instrument would be
2020. The current planned release date for the Announcement of Opportunity (AO) to solicit the
instrument is December, 2018.

The intent of the NASA EVC program in general is to produce, launch, and operate
instruments that will demonstrate an approach for the long-term continuation of important data
sets such as those for ERB. However, doing so at a reduced cost presents a stiff challenge, as the
cost of an instrument that would provide seamless continuity (i.e., a carbon copy of previous
instruments) likely exceeds the EVC cost cap. NASA ESD is therefore looking to the ERB
community to provide an innovative solution that maintains continuity to the best degree
possible, without exceeding the mission cost cap. In addition to the required cost cap and
capability to continue observations, the NASA EVC program will also use the following as
evaluation criteria for submitted proposals: the cost of future copies of the proposed instrument,
accommodability of the instrument on different platforms, instrument producibility, and ease of
future technology infusion to improve the measurements.



As noted earlier, “continuity” does not mean simply acquiring some sort of measurement
of a “continuity variable” without regard to the characteristics of the current measurement (e.g.,
spatial, temporal, and spectral resolution, precision, accuracy, and stability). Without a close
match to those characteristics, the scientific utility of a combined dataset—typically set by the
ability to detect long-term geophysical trends in the data—could be compromised. Characteristics
of the continuity measurement must therefore be guided by the characteristics of the CERES CDR.

In order to be ingested into the CERES data processing flow shown in Figure 2.3, a new
ERB instrument would need to provide results from pre-launch calibration activities, instrument
flight software for instrument operations, spectral response function (SRF) and point-spread
function (PSF) data, and an in-flight calibration protocol to identify and correct for instrument
changes. This information would enable the creation of calibrated filtered and unfiltered radiance
measurements and imager PSF-averaged properties that will ultimately be part of the new
instrument’s instantaneous footprint-level data products. In Section 5, we return to a discussion
about the specifics of how a new ERB instrument would feed into the existing processing system
in order to extend the CERES CDR.

2.4 Constitution of ERB SWG

In order to accomplish the goals set forward in this document, a science working group
was assembled. The working group was limited to civil servant participants, due to difficulty of
complying with Federal Advisory Committee Act (FACA) rules and producing a report in time to
meet the required schedule for launch on JPSS-3. A general invitation with an explanation was
sent to a large mailing list of ERB scientists who could potentially participate. In addition, specific
invitations to key personnel were also made. The working group was constituted from those who
were willing and interested in participating, and therefore represents a “coalition of the willing.”
Working group members were not barred by FACA rules from discussing and receiving
input/advice from non-civil-servant participants. Any such discussions could inform the opinion
of the participants in this working group and therefore be represented in this document, as
guided by the discretion of the working group members. In order to dispel community conflict of
interest concerns, the following actions were taken:

i. This report was published in draft form and to solicit comments from the broader community
prior to finalization.

ii. Comments received informed the content of the report.

iii. The working group will be disbanded upon formal completion of this report, and will not
participate in drafting the AO. It is expected that members will therefore be free to participate
in responses to the AO without restriction.

iv. While this report recommends specificinstrument and observational characteristics and refers
to these characteristics in places as "requirements"”, there is no either explicit or implied
constraint that report recommendations will be followed in drafting the AO. Thus the
recommended instrument and measurement characteristics provided here, even when
referred to in this document as "requirements," are not intended to be and should not be
taken as formal instrument requirements for responses to the EVC AO.

v. The AO will be published in draft form prior to its official release, again allowing for
comments/input from the broader community.
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2.5 ERB Gap Risk Analysis

With five of the six CERES flight models operating beyond their design lifetimes, the risk
of a temporal data gap occurring between the last remaining CERES instrument’s end-of-mission
and beginning of the EVC ERB mission is a real concern. While CERES instruments are precise
enough to track changes in ERB, their absolute calibration accuracy is insufficient to ensure that
measurements on successive platforms will be on the same absolute radiometric scale should a
data gap occur. A period of overlap between the two missions is needed so they can be
intercalibrated against each other. According to Loeb et al. (2009b), at least 6 months of
overlapping global data or one year of tropical data is needed to tie together the records of
instruments on successive platforms through intercalibration.

In order to assess the likelihood that a data gap will occur between the current fleet of
CERES instruments and the planned EVC ERB mission, we perform a gap risk analysis. Figure 2.4a-
b provides estimates of the probability that a data gap will occur given the ERB instrument flight
schedule (Figure 2.1) and historical spacecraft and instrument survival rates (Castet et al., 2009).
We assume the EVC ERB instrument flies on the JPSS-3 satellite and that a mission terminates if
either the ERB instrument, imager it flies with, or spacecraft fails. A further assumption is that an
ERB instrument can bridge a data gap and maintain radiometric continuity of the ERB CDR even
if its orbit drifts in mean local time (MLT) past its nominal mission requirement. According to
projections, the Terra and Aqua missions will de-orbit when fuel becomes too low for science
data acquisition, which occurs in 2026 for Terra and 2025 for Aqua. For the other satellites, less
is known about their end-of-mission plans. For comparison, two sets of assumptions are made.
In Figure 2.4a, we assume SNPP, NOAA-20 and the EVC ERB instruments reach their end-of-life
3-years past their nominal prime missions of 5 years. In Figure 2.4b, we assume a more optimistic
case in which SNPP, NOAA-20 and the EVC ERB each last 15 years. In the first case (Figure 2.4a),
the probability of a data gap reaches 50% in 2026 regardless of whether or not the EVC ERB
instrument launches. In subsequent years, the data gap probability reaches unity in 2028 if no
further ERB instrument is launched and remains < 70% with an EVC ERB. In the more optimistic
case shown in Figure 2.4b, the probability of a data gap reaches 25% in 2026 regardless of
whether the EVC ERB flies and climbs to >50% the following year if it does not fly. With the EVC
ERB, the data gap probability remains <40% through 2032, and <60% through 2034. Thus,
according to this analysis, for the EVC instrument to significantly reduce the probability of a data
gapinthe ERB record, the Terra and Aqua instruments must last into the mid-2020s and the SNPP
and JPSS-1 instruments must both remain operational three times longer than their nominal 5-
year prime missions.

Should a data gap in the ERB record occur, a reasonable question to ask is whether or not
it can be “bridged” using other data sources. We examine the feasibility of using less-accurate
imager retrievals to compute radiative fluxes and tie the time series before and after a data gap
together (see illustration Figure 2.5). We construct a time series of observed CERES Aqua SW, LW
and Net TOA fluxes from the SSF1deg-month product between 2003 and 2016 and consider all
possible 1-year gaps in different parts of the record (12 total). In each case, we regress computed
and observed TOA fluxes prior to and after the gap and calculate adjustment factors that can be
applied to the post-gap record in order to place it on the same scale as the pre-gap record. Here,
the regressions consist of observed and computed zonal annual mean TOA fluxes between 20°S-
20°N. The computed TOA fluxes are taken directly from the CERES SYN1deg-Month product,
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which uses MODIS Terra, Aqua and geostationary cloud retrievals as input to the NASA Langley
Fu-Liou radiative transfer model. We apply the adjustment factors for the 12 possible 1-year gaps
in the record and compute the root-mean-square error (RMSE) between the post-gap flux
estimate and the “true” value in CERES Aqua SSFldeg-month. Results, shown in Figure 2.6,
indicate that the uncertainty in placing the pre- and post-gap records on the same radiometric
scale is +0.32 Wm™ for SW, +0.37 Wm for LW, and £0.49 Wm for net TOA flux at the 1c level.
We note that this analysis requires that imager remain healthy and stable across the gap. The
longer the gap, the greater the risk. The uncertainty in global mean net TOA flux obtained in
Figure 2.6 is too large to enable decade-to-decade changes in EEIl to be resolved, as that is ~0.25
Wm2according to Allan et al. (2014), which is a factor of 2 smaller than the error in net TOA flux
due to a data gap. An uncertainty of this magnitude would also add considerable uncertainty to
linear trends in the data, both globally and regionally. Alternate methods that are less dependent
upon model assumptions should thus need to be considered to further reduce the error should
a gap in the ERB record occur.
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Figure 2.4 Probability of a data gap in the global satellite ERB time series from present through a given year for Terra
and Aqua de-orbit dates in 2026 and 2025, respectively, and (a) SNPP de-orbit in 2022, NOAA-20 de-orbit
in 2028, and JPSS-3 de-orbit in 2037, and (b) SNPP de-orbit in 2027, NOAA-20 de-orbit in 2033, and JPSS-
3 de-orbit in 2042. The black curve includes all CERES instruments currently flying while the blue curve
also includes the EVC ERB instrument on JPSS-3 satellite.
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3. ERB Science Focus Areas

In the following, we provide an overview of the science that CERES data products support.
Selected highlights from peer-reviewed journal publications are provided for each science focus
area in Appendix C for reference. The science highlights are by no means complete. A more
comprehensive list of papers is provided on the CERES website at the following address:
(https://ceres.larc.nasa.gov/ceres library search.php).

3.1 Earth’s Energy Budget

Climate is determined by the amount and distribution of incoming solar radiation
absorbed by Earth. In response to energy imbalances, complex processes give rise to energy flows
within the atmosphere, hydrosphere, lithosphere, cryosphere and biosphere occurring over a
range of time-space scales. The coupled nature of the system is such that external perturbations
to the Earth’s energy budget impact all of the Earth subsystems to varying degrees. For an Earth
system in equilibrium, these energy flows must produce outgoing LW radiation at the TOA that
is equal to the incoming absorbed solar radiation. A positive TOA imbalance indicates that the
planet is taking up heat, with 93% ending up as heat storage in the oceans and only 1% of the
excess energy used to warm the atmosphere. The remainder is used to melt snow/ice and warm
land (Trenberth, 2009; Church et al., 2011; Rhein, et a., 2013). The defining challenge for climate
science is to understand and predict the timing and intensity of the changes to Earth’s subsystems
in response to anthropogenic forcing. Because EEl is a measure of heat uptake by the planet,
there is a critical need to observe, track and understand EEIl and the underlying processes that
influence it (von Schuckmann et al., 2016).

The substantial internal variability of the climate system complicates matters, as it can
temporarily mask or enhance the system’s response to anthropogenic forcing. A good recent
example of this is the so-called “hiatus” or slowdown in global mean surface warming over the
first 15 years of the 21° century (Stocker et al., 2013; Yan et al., 2016). Despite the slowdown in
surface warming, CERES satellite observations of changes in Earth’s energy budget indicate that
the Earth has been continually accumulating energy at a constant rate during the hiatus period
(Figure 3.1). Recent studies have shown that the most likely cause of the slowdown in surface
warming is a vertical redistribution of heat in the ocean associated with an intensification of the
Pacific trade winds linked to a switch to a negative phase of the Interdecadal PDO in 1999
(England et al., 2014; Trenberth and Fasullo, 2013). More recently, sea-surface temperature (SST)
pattern changes over the eastern Pacific associated with a shift to the positive phase of the PDO
resulted in a marked decrease in low cloud amount, which reduced reflected SW radiation, and
increased EEl (Loeb et al., 2018b). CERES captured the changes at monthly temporal and regional
spatial scales, enabling process-level understanding of the variability, and providing unique data
to test weather and climate models.

At longer timescales, a forcing leading to an increase (decrease) in global mean
temperature must be accompanied by a decrease (increase) in EEl. However, when forced with
Representative Concentration Pathways (RCP) greenhouse gas concentration trajectories, CMIP5
climate models project that EEl can either increase or decrease with surface temperature,
depending upon the RCP scenario: for RCP8.5, representing elevated greenhouse gas emissions,
there is a rapid increase in EEl, while it decreases for RCP2.6, the lowest emissions scenario.
Outgoing LW radiation increases similarly in each RCP scenario with warming while reflected SW
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radiation decreases far more rapidly for RCP8.5 due to marked decreases in cloud cover and
snow/sea-ice (Collins et al., 2013). Long-term measurements of EEl, its SW and LW components
and their regional distribution are thus critical to determine Earth’s actual climate trajectory.
Because EEl can be approximated as the difference between climate forcing and climate
temperature response, one can think of EEl as a measure of the climate forcing the Earth has yet
to respond to (Hansen et al., 2005). It is related to sea-level rise through the steric component
(Church et al., 2013) because most of the excess energy is stored in the ocean.
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Figure 3.1 Cumulative planetary heat uptake from monthly CERES observations for March 2000-September 2017. A
one-time adjustment to CERES SW and LW fluxes is made within observational uncertainty to ensure
the global mean net TOA flux for July 2005-June 2015 is consistent with an in-situ based EEl value
determined primarily from Argo ocean profiling floats (Johnson et al., 2016). (From Loeb et al., 2018b).

With daily global coverage, the CERES record is the only available observation-based data
source that enables monthly variability in EEl together with its SW and LW TOA flux components
at finer time-space scales. Because of its complete sampling of Earth, CERES compliments in-situ
based determinations of EEIl (e.g., Argo network), which provide highly accurate absolute values
of EEl when calculating tendencies in ocean heat content anomalies from at least a decade of
observations. At interannual and shorter timescales, in-situ EEl is more uncertain due primarily
to sampling uncertainties, as illustrated in Figure 3.2 (see also Trenberth et al., 2016). In contrast,
CERES can resolve monthly anomalies in EEl with great precision. This is shown in Figure 3.3,
which compares monthly anomalies between the CERES EBAF product and CERES instruments on
Terra, Aqua and SNPP. The standard deviation in monthly anomaly differences are < 0.12 Wm™
for SW, <0.16 Wm™ for LW and < 0.17 Wm? for EEI (net TOA flux).

In addition to providing critical information about EEI, CERES data products improve our
understanding of regional energy budgets, atmospheric and oceanic energy transports, surface
and atmospheric energy balance, general circulation, and polar climate (see Appendix C.1).
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Figure 3.2 Comparison of year-to-year net TOA annual energy flux from the CERES EBAF Ed2.8 product with an in
situ observational estimate of uptake of energy by Earth’s climate system. The in situ estimate is composed of
first differences of annual 0—1,800 m ocean heat content anomalies estimated from Argo float profiles and
other sources. CERES data are adjusted to agree with the 2005 through 2015 in situ heat uptake rate of 0.71 +
0.10 W m-2 (5-95% confidence intervals) (From Johnson et al., 2016).
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Figure 3.3 Deseasonalized monthly anomalies in global mean (a) SW, (b) LW and NET TOA radiation from EBAF Ed4.0,
SSFldeg-Ed4.0 Terra (TER), Aqua (AQU) and Suomi-NPP (SNPP). Anomalies are calculated using a
common climatology from February 2012-June 2017. (From Loeb et al., 2018b).

3.2 Cloud Processes and Feedback

The Earth’s surface temperature is expected to rise between 1.5° and 4.5°C in response
to a doubling of atmospheric CO, concentrations (IPCC, 2013). Despite much effort by the climate
science community, the large range of uncertainty has not narrowed appreciably over the past
30 years. A key reason is due to the representation of climate feedbacks in climate models.
Increased CO; in the atmosphere alters the Earth’s energy balance by reducing how much
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thermal infrared radiation is emitted to space. To restore a balance between absorbed solar
radiation and outgoing LW radiation, the Earth system must emit more infrared radiation to
space. In the absence of other changes, a CO, doubling would require Earth’s temperature to
eventually increase ~1.2 K (Colman, 2003). As Earth warms, other processes and properties of
the climate system are altered, leading to further changes in Earth’s energy balance and
temperature. The key feedbacks in the climate system are associated with surface temperature,
water vapor, clouds, snow and ice, and the vertical temperature structure of the atmosphere
(Soden and Held, 2006). A climate feedback is quantified through its climate feedback parameter,
given by the change in downward TOA flux for a given temperature change. Thus, an increase in
downward net TOA flux with warming temperatures yields a positive climate feedback
parameter.

Climate models agree that feedbacks collectively amplify the surface temperature
response to external forcing, but the strength of the feedbacks varies greatly (Boucher et al.,
2013). The main stabilizing (negative) feedback is the temperature response (Planck feedback),
which is well represented in models. Water vapor provides the largest positive feedback, and
vertical changes in water vapor and temperature are tightly coupled. Accordingly, the sum of the
lapse rate and water vapor feedbacks are well represented by the majority of climate models.
Feedbacks due to clouds and surface albedo (associated with snow and ice changes) are also
positive in all models, but cloud feedbacks constitute the largest source of uncertainty in current
predictions of climate sensitivity.

Given the large inter-model spread in climate sensitivity due to uncertainties in climate
feedbacks, ERB observations play a key role in helping narrow the uncertainty. Historically, the
cloud feedback community has tried to understand cloud feedback processes by: (i) examining
cloud and radiation variability with changes in atmospheric patterns like shifts of the midlatitude
jets or expansion of the Hadley cell (e.g. Li et a. 2014, Tselioudis et al 2016), and (ii) by quantifying
the contribution of feedbacks to the global energy balance through examination of the
interannual co-variability of clouds, radiative fluxes, and surface temperature (e.g. Dessler 2010,
Zhou et al. 2015). In the first line of research, CERES retrievals have been used extensively along
with flux estimates from datasets that utilize cloud and atmospheric properties to derive the
radiative flux components, such as ISCCP-FD (Zhang et al. 2004) and SRB (Stackhouse et al. 2004).
In the second line of research, CERES flux retrievals have been the primary data source. Owing to
substantial internal variability of the climate system, a long data record that is free of calibration
drifts is needed for cloud feedback science. This will enable long-term trends and small variations
in ERB to be observed. A dedicated Earth radiation budget instrument that extends the existing
CERES record satisfies this requirement. From estimates of radiative forcing, observations of the
covariability between surface temperature and TOA radiation can be used to infer empirical
estimates of climate feedback (Forster, 2016; Dessler, 2010; Zhou et al., 2015; Dessler et al.,
2018). TOA net downward radiative flux is equated with the difference between TOA radiative
forcing and the surface temperature change multiplied by the climate feedback parameter. Since
the Earth is not in radiative equilibrium, the climate feedback derived under transient warming
is often referred to as effective global climate feedback in order to distinguish it from equilibrium
global climate feedback (Armour et al., 2013). Recent studies have used ERB data to show that
with the exception of the Planck feedback, feedbacks from water vapor, clouds, snow and ice,
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and the vertical temperature structure of the atmosphere are collectively positive and therefore
amplify warming (Dessler, 2010; Zhou et al., 2015; Dessler et al., 2018).

Zhou et al. (2015) show that global mean cloud feedbacks derived from year-to-year (or
interannual) variations in 27 CMIP5 models are correlated with their corresponding global mean
long-term cloud feedback. They find that low cloud cover change in response to surface warming
explains most of the covariance between interannual and long-term cloud feedback. The average
interannual cloud feedback is about twice as large as the long-term cloud feedback due primarily
to differences in interannual and long-term SST warming patterns. Assuming the relationship
between interannual and long-term cloud feedback from the climate models holds true in nature,
the observed interannual cloud feedback from CERES can then provide a direct constraint on
model-predicted long-term cloud feedback (Figure 3.4a). In their study, only 10 years of CERES
data were used. In that case, the interannual cloud feedback of most models is within the +2¢
uncertainty interval of CERES. The large uncertainty range in the CERES-derived cloud feedback
is due to large internal variability of the climate system. With a longer observational record, the
observational uncertainty decreases significantly providing a tighter constraint on model cloud
feedback. This is illustrated in Figure 3.4b, which shows the relationship between the 2o
uncertainty of interannual cloud feedback and the number of years used to calculate the
interannual cloud feedback.

Chung et al. (2012) also addressed the question of how long an observational record is
needed to constrain climate feedback. Using coupled atmosphere-ocean model simulations, they
computed climate feedbacks from differences between climate states as a function of the
averaging length used to define the climate states and the time separation between the climate
states. In order to reduce the upper bound of uncertainty in climate sensitivity by a factor of 2
(equivalent to a 20 uncertainty in climate feedback of 0.26 W m™2 K1), an averaging length of at
least 10 years would be required to define the climate states and the climate states would need
to be separated by 40 years, thus requiring an observational record of at least 50 years. The main
driver for such a long record is the cloud feedback contribution, which exhibits considerably more
variability than other feedback contributions (e.g., lapse rate, water vapor, and surface albedo).
Importantly, the Chung et al. (2012) analysis does not factor in observational uncertainties, which
would further increase the length of the record needed.

Itis worth noting that both clear-sky and all-sky ERB observations are needed to constrain
cloud feedback. The observed cloud feedback is inferred from the change in cloud radiative
effect, defined as the all-sky minus clear-sky net downward radiative flux at the TOA. This
requires an ERB instrument with a relatively NFOV (see Section 5). A NFOV is also important in
order to observe the regional distribution of cloud feedback and to improve our understanding
of how clouds influence ERB on a process level. Different cloud types respond to warming in
distinct ways and these changes can alter the local environment and circulation patterns through
various pathways.
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Figure 3.4 (a) Global mean interannual cloud feedbacks in 27 CMIP5 models plotted against their corresponding
global mean long-term cloud feedback. The red circles denote observed interannual cloud feedback
estimated using CERES TOA fluxes over the period 2000-2010. (b) Relationship between the 20
uncertainty of interannual cloud feedback and the number of years used to calculate the interannual
cloud feedback. (From Zhou et al., 2015).

3.3 Aerosol Radiative Forcing

Aerosols influence ERB at the TOA, surface and within the atmosphere by scattering and
absorbing solar and infrared radiation (aerosol direct radiative effect, or ADRE) and by altering
cloud microphysics by acting as cloud condensation or ice nuclei, thereby modifying the optical
properties and lifetime of clouds (aerosol indirect radiative effect, or AIRE). The total effect of
aerosols is comprised of both natural and anthropogenic components. The anthropogenic
component is referred to as a forcing of the climate system. Since aerosol forcing is negative, it
offsets the radiative forcing of climate by well-mixed greenhouse gases. However, uncertainty in
aerosol radiative forcing is large. Its magnitude ranges from -0.1 to -1.9 Wm (at 90% confidence)
in climate models, making it the largest source of uncertainty in radiative forcing of the climate
system. Furthermore, state-of-the-art climate models that match the historical temperature
record exhibit a negative correlation between aerosol radiative forcing and climate sensitivity
(Forster et al., 2013). Therefore, in order to reduce the uncertainty in climate sensitivity, it is
necessary to reduce uncertainties in both aerosol forcing and cloud feedback.

Early in the CERES project, Satheesh and Ramanathan (2000) demonstrated the
usefulness of CERES observations for determining aerosol radiative forcing in polluted regions. In
their approach, CERES instantaneous TOA fluxes are regressed against surface-measured aerosol
optical depths for clear scenes as determined from the surface. Their approach was later
generalized to global clear-sky ocean scenes by combining CERES TOA fluxes and coincident
imager-derived AODs (Loeb and Kato, 2002; Loeb and Manalo-Smith, 2005; Zhang et al., 2005;
Christopher et al., 2006; Zhao et al., 2008). The advantage is that the outgoing SW flux with
aerosols at TOA is directly obtained from CERES measurements, eliminating the need to use
models to estimate the aerosol properties to infer ADRE. The CERES data have also been used to
determine aerosol radiative effects over land (Patadia et al., 2008 a,b; Sena et al., 2013, 2015;
Feng and Christopher, 2013; Sundstrém et al., 2015). Recently, Paulot et al. (2018) use the CERES
EBAF TOA and surface products to determine TOA clear-sky SW ADRE over ocean and land
between 2001-2015 and compare trends over this period with those based on the GFDL
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chemistry climate model AM3, driven by CMIP6 historical emissions (Figure 3.5). Both CERES and
AM3 show increases in ADRE (reduced aerosol reflection) over the US and Europe and decreases
over India (increased aerosol reflection). However, over China and the Western Pacific, AM3
simulates a large decrease in ADRE, which is inconsistent with the CERES results. Paulot et al.
(2018) argue that this bias is partly due to the decline of SO, emissions after 2007, which is not
captured by the CMIP6 emissions.

The CERES instantaneous footprint data combined with MODIS imager measurements
have also enabled studies of aerosol-cloud interactions. The CERES SSF product provides radiative
fluxes, aerosol and cloud properties and meteorological parameters for each individual CERES
footprint, making this an ideal dataset for such studies (Loeb and Schuster, 2008; Quaas et al.,
2008; Jones et al., 2009; Su et al., 2010; Sundstrém et al., 2015; Engstrom et al., 2015; Gryspeerdt
et al., 2016). Others have supplemented CERES and MODIS data in the Aqua SSF with other A-
Train data sets from CALIPSO, CloudSat, AMSR-E, enabling a truly synergistic approach to
improving our understanding of the complex interactions among aerosols, clouds, precipitation
and meteorology (Lebsock et al., 2008; Yorks et al., 2009; Painemal et al., 2014; Chen et al., 2014;
Christensen et al., 2016).
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Figure 3.5 Decadal rate of change in the clear-sky SW ADRE from CERES EBAF (top) and the GFDL AM3 model

(bottom). A positive (negative) trend indicates a decrease (increase) in the amount of radiation scattered
to space by aerosols. (From Paulot et al., 2018).
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4. Extending the CERES ERB CDR with a New EVC ERB Instrument

To address the ERB science focus areas, the strategy is to produce long-term CDRs of TOA
and SFC ERB together with the associated atmospheric and surface properties that seamlessly
continues CDRs from the RBSP. This requires observing reflected solar radiation (RSR) and
outgoing LW radiation (OLR) for both all-sky and clear-sky conditions that can be incorporated
into the existing CERES data processing system. In CERES processing, calibrated filtered radiances
(Priestley et al., 2011) are converted to unfiltered SW, LW, and WN radiances (Loeb et al., 2001),
which in turn are converted to instantaneous TOA radiative fluxes using empirical ADMs that
have been developed using the CERES instrument’s ability to acquire measurements by rotating
in azimuth as it scans in elevation (Loeb et al., 2005, Su et al., 2015a). The CERES instruments
provide global coverage daily, and monthly mean regional fluxes are based upon daily samples
over the entire globe (Doelling et al., 2013). The standard CERES data products (Table 4-1) are
produced using data from the CERES instrument together with coincident imager data from the
Moderate Resolution Imaging Spectrometer (MODIS) and the Visible Infrared Imaging
Radiometer Suite (VIIRS). To provide a diurnally complete representation of ERB, five contiguous
geostationary imagers between 60°S and 60°N are also used. This accounts for cloud-radiation
changes between CERES observation times. In addition, several other ancillary data products are
required to characterize the meteorological state, ozone, aerosol, and snow/ice coverage.

Measurements from the ERB instrument are thus one of many inputs to a processing
stream (Figure 2.3) that accounts for changes in radiation budget over a range of time/space
scales at climate accuracy. Because the ERB instrument provides the only truly broadband
observations, it plays a central role in and ultimately determines the accuracy and stability of the
ERB CDR. In essence, the ERB instrument serves as the anchor used to adjust or normalize many
of the ancillary inputs. For example, the geostationary imager data provide diurnal information
hourly between ERB instrument observations, but they are based upon narrowband radiances
and are less accurate than CERES or even MODIS and VIIRS. In order to benefit from the increased
temporal sampling that geostationary data provides, while at the same time ensuring the CDR
maintains the accuracy and stability of the ERB instrument, the geostationary imager data are
normalized monthly to ensure consistency with the ERB TOA fluxes (Doelling et al., 2013). The
quality of the ERB CDR therefore depends critically on the quality of the ERB instrument. A less
capable ERB instrument or one that deviates significantly from the CERES instrument in terms of
accuracy, stability and space-time sampling capability will likely fail to achieve the required
continuity that is being sought in the EVC program.

In the following sections, we focus specifically on how a new ERB instrument would feed
into the existing processing system in order to extend the ERB CDR beyond CERES. For clarity, we
use information specific to a CERES-type instruments in order to illustrate the kind of information
required. We recognize that the actual details will vary from one instrument to another and may
also require some changes to the ground processing system. Therefore, to facilitate maximum
reuse of the existing processing system, we encourage a strategy that produces a level 1B data
file of geolocated and calibrated radiances organized and structured similarly to the CERES Level
1B file. This approach would focus software development efforts on the Level 1 software while
requiring only minor software changes to the existing CERES Level 2 software elements to enable
them to interface with the new Level 1 file. The focus for the remainder of this section is on pre-
launch activities, instrument operations and the Levels 0, 1B and 2 stages of the CERES processing
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system. We refer readers to the CERES Subsystem 1.0 Algorithm Theoretical Basis Document
(ATBD) (Lee et al., 1997) and the CERES BiDirectional Scans (BDS) Collection Document (Cooper
et al., 2013) for a detailed discussion of these topics.

Table 4-1 Processing descriptions for CERES level 1-3 data products.

Level Description Data Product
Raw digitized instrument data for all engineering and science data
streams with all communication artifacts (e.g. synchronization
0 frames, communication headers, duplicate data) removed. Level 0 -
data maintains Consultative Committee for Space Data Systems
(CCSDS) packet format.

Instantaneous filtered broadband calibrated radiances at the
CERES footprint resolution and organized in scan order. Includes
1B geolocation and viewing geometry, solar geometry, satellite
position and velocity, and all raw engineering and instrument
status data.

Instantaneous geophysical variables at the CERES footprint
resolution. Includes some level-1B parameters and retrieved or
2 computed geophysical variables (e.g., filtered and unfiltered SSF
radiances, viewing geometry, radiative fluxes, imager radiances,
and cloud and aerosol properties).

Bidirectional Scans (BDS)

SSF1deg-hour, SSF1deg-day,
Radiative fluxes and cloud properties spatially averaged SSF1deg-month, SYN1deg-1hour,
onto a uniform grid. Includes either instantaneous averages sorted | SYN1deg-3hour, SYN1deg-day,
by hour in UTC or temporally interpolated averages at 1-hourly, 3- SYNIdeg-month, or SYNIdeg-
hourly, daily, monthly, or monthly hourly intervals. mhour

Monthly and climatological averages of TOA and surface all-sky
and clear-sky (spatially complete) fluxes, cloud radiative effect
(CRE) and clouds properties. A one-time adjustment is applied to
3B all-sky fluxes to ensure consistency between global mean net TOA EBAF-TOA, EBAF-SFC
flux and an in-situ based determination of EEI for a 10-year period
(July 2005-June 2015). Surface fluxes are derived with a constraint
by TOA fluxes.

a. Pre-Launch Calibration Activities

The goal of the ground calibration activities is to characterize and calibrate the instrument
spectrally (SRF), spatially (PSF), temporally, and radiometrically (gain), traceable to the current
NIST standards. This allows for cross comparisons (validation) with other Earth science data sets.
With a rigorous calibration campaign, it is important to ensure that the future ERB instrument’s
performance enables all science objectives to be met. The future ERB instrument should include
on-board calibration sources for all channels, allowing an independent check on their calibration
across their spectral ranges. The purpose for the ground calibration is to determine the absolute
calibration for the broadband sensors and to tie the on-board calibration sources to the ground
NIST traceable references. Furthermore, the pre-launch activities also verify the instrument’s
design, its functionality and performance, the short-term variability and drift, and linearity.

The instrument characteristics required to convert the instrument detector output signals
to radiances are the instrument gain coefficients, the SRFs, also known as the sensitivity (S) of
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each of the CERES sensors, and the PSF, which describes the spatial responsivity of the
instrument, accounting for the scanning motion, detector time constant and optical prescription.
b. Instrument Operations for Cal/Val

In order to satisfy the science objectives, a variety of operations should be performed to
verify sensor response changes with respect to on-board calibration sources for the future ERB
instrument. On-orbit calibration should include solar and lunar measurements to demonstrate
accuracy and stability, and cross calibrate and validate the on-board sources. In order to maintain
continuity with the current CDR, the future ERB instrument should enable intercalibration
between 1) existing on-orbit CERES instruments on multiple spacecraft to tie the instruments to
the same radiometric scale and 2) other Earth observing instruments to validate the science data
products. Daily spacecraft and instrument activity reports should be included in the information
provided to facilitate calibration activities.
c. Level 0: Raw Digitized Instrument Data

To seamlessly ingest into the existing CERES data processing system (Figure 2.3), the
future ERB instrument should provide the sensor measurements from all channels, the gimbal
measurements, and all engineering parameters sufficient to ensure the health and safety
monitoring of the instrument. Ancillary spacecraft attitude and ephemeris data are also required
to geolocate measurements in Level 1B processing. The CERES data processing system leverages
EOS and JPSS ground system networks and the EOS Data and Operations System (EDOS) to
retrieve instrument output and aggregate into Level O data. Once produced, Level O data transits
a common data pipe between the EDOS system and the Atmospheric Science Data Center at
NASA Langley where the data is archived and ingested into the remainder of the CERES data
processing system to facilitate production of higher level data products.
d. Level 1b: Instantaneous Filtered Broadband Radiances

The CERES Level 1B product is called the BiDirectional Scan (BDS) and consists of
geolocated and calibrated radiances organized by instrument scan. The Level 1B software applies
instrument conversion equations and gain coefficients derived during pre-flight instrument
characterization to convert digital detector counts to calibrated radiance values. The Level 1B
software also coverts digitized engineering parameters to corresponding engineering units (e.g.
temperature, current, voltage) and converts raw gimbal counts to gimbal elevation and azimuth
positions to specify geolocation and viewing geometry and the TOA and surface. The BDS product
includes each of these values in raw count and converted form.
e. Level 2: Instantaneous Unfiltered Radiances and Radiative Fluxes

The primary CERES Leve 2 data product is the Single Scanner Footprint (SSF). The SSF
contains imager-derived cloud properties and aerosols from coincident MODIS or VIIRS
radiances, CERES observed TOA fluxes and surface flux values. The Level 2 SSF software first
derives scene information and cloud properties from imager radiances. Next, CERES ground
derived and flight verified SRFs and level 1B CERES filtered radiances are used to calculate
spectrally unfiltered broadband radiances. Scene ID and CERES ADMs are then used to produce
CERES instantaneous observed TOA fluxes. Parameterized surface fluxes (not observed) are also
produced. To ensure CERES measurements and Imager-derived properties are properly matched
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spatially, each imager pixel is weighted by the CERES instrument’s PSF prior averaging over the
footprint.
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5. Observational Characteristics: Recommendations by the ERB SWG

Arguably the most important characteristic for an ERB CDR is to enable observation of
changes in ERB for a wide range of time and space scales. This requires as long an ERB time series
as possible that will extend the best ERB time series currently available. The latter comes from
the CERES instrument which provides data products for time scales ranging from hourly to
decadal and spatial scales ranging from ~20 km (footprint) to global, enabling a range of scientific
investigations. Since ERB time series continuity is the primary driver for a future ERB EVC mission,
the ERB SWG recommends that the EVC ERB observational characteristics be comparable to
those of CERES. Given this, the EVC ERB instrument characteristics are also similar to those for
the CERES instrument. An ERB mission with different science objectives that do not include ERB
continuity as a focal point, would quite possibly require an instrument with different
characteristics, but such a mission and instrument does not pertain this report. In the following,
we only discuss the ERB SWG recommendations for an instrument appropriate for an EVC ERB
mission, and its accompanying imager. These are essential for satisfying the continuity
requirement. The recommendations are based upon the CERES instrument capabilities
(Threshold characteristics), the NCDC workshop report (Bates and Zhao, 2011) characteristics
(Objective characteristics), and the recommendations in the 2017 DS.

5.1 ERB Instrument
5.1.1 Spectral Range

To be backward compatible with CERES, the new ERB radiometer should measure SW
reflected solar radiation in the 0.3 to 5 um wavelength range, outgoing LW outgoing radiation
with wavelengths between 5 and over 35 um (LW), and total outgoing radiation between 0.3 and
over 100 um (TOT). CERES instruments FM1-FMS5 include SW, TOT and window (8-12 um) (WN)
channels, while CERES FMB®6, currently flying on NOAA-20, includes SW, LW and TOT channels. In
each CERES instrument, three independent and identical coaligned and co-registered telescopes
are used with filters sitting between the aperture and detector in the SW, LW and WN channels.

For all CERES instruments the LW measurement is obtainable by differencing the TOT and
SW channels. Because FM6 has a LW channel, it is possible to also derive a LW measurement
directly. This provides risk reduction not available on FM1 — FM5, and was the primary reason
why the WN channel was replaced with a LW channel on FM6. With a TOT, SW and LW channel
combination, failure of one will not mean loss of the science return as a differencing approach
would still be possible to produce SW and LW radiances. With only two channels available, loss
of either channel would result in a significant science loss. In addition, having these three
channels enables 3-channel consistency tests to verify instrument calibration across a range of
Earth scene types. While the loss of the WN channel is unfortunate, the record length (currently
18 years) will likely reach beyond 25 years, thereby providing sufficient science data for most
research studies.

The ERB SWG considered the value of incorporating additional channels on the new ERB
instrument. While interesting scientifically, this could increase cost. As a result, it was concluded
that a better characterization of the SW and LW measurements (e.g., calibration) is preferable in
the context of an ERB continuity instrument than additional spectral channels.

25



Table 5-1 EVC ERB instrument and mission characteristics. Threshold characteristics are consistent with CERES.
Objective characteristics are consistent with Bates and Zhao (2011).

Category Threshold Objective Note
0.3to 5 um (SW 0.3to 5 um (SW
Spectral Range 5 to >35 tm((LW)) 5 to >50 tm((LW)) Three channels to b'uy d'own risk for
redundancy and validation.
0.3 to >100 um (TOT) | 0.2 to >100 pm (TOT)
Field-of-View ~25km equivalent ~25km equivalent FOVs for different channels must be
(IFOV) diameter @ nadir diameter @ nadir co-registered.
Seeg il Near-Global Near-Global
Coverage
. . . . Rotating Azimuth; *Requires reuse of existing CERES
Angular Sampling Fixed Azimuth e RELe ADMs
Radiometric 1.0% (SW), k=1 1.0% (SW), k=2
PRI 0.5% (LW), k=1 0.5% (LW), k=2 5-year requirement
0.5% (TOT), k=1 0.5% (TOT), k=2
Radiometric Allocated from accurac
Stability D2B/elEet, [l D2Be/elEe, =2 requirement; All waveIanth ranges
<0.2Wm?2sr1+0.1% | <0.2Wm?2srl+0.1%
of measured (SW) of measured (SW)
Radiometric <0.45 Wm2sr1+0.1% | <0.45 Wm2sr!+0.1%
Precision of measured (LW) of measured (LW)
<0.3Wm?2srl1+0.1% | <0.3Wm?2srl+0.1%
of measured (TOT) of measured (TOT)
. . 0.3% from linear over | 0.3% from linear over
Linearity . .
dynamic range, k=2 dynamic range, k=2
Onboard SW Internal Cal Source | SW Internal Cal Source T
Calibration LW Blackbody Source | LW Blackbody Source
Vicarious Enable periodic solar Enable periodic solar
Calibration & lunar calibration & lunar calibration
Mission Class C C
Lifetime 5 yrs 5 yrs
Orbit sunsync. 1:30 pm sunsync. 1:30pm | - it ent with CERES FM3-FM6
ascending orbit ascending orbit
Overlap 6 months 1lyr
Sc'e'ne . VIIRS-Class Imager VIIRS-Class Imager on s'ame platform or within 3 min of
Identification and in the same viewing geometry

5.1.2 Field-of-View

The need to acquire clear-sky sampling and 1°x1° latitude-longitude regional all-sky TOA
fluxes requires that the ERB instrument be NFOV as opposed to a WFOV. Clear-sky fluxes are
needed to provide observations of cloud radiative effect (CRE), defined as the clear-sky minus all-
sky SW and LW fluxes. The CRE observations are used to provide observational constraints on
cloud feedback. This directly addresses DS Recommendation C-2a: “Reduce uncertainty in low
and high cloud feedback by a factor of 2”7, which is designated as a “most important” question.
In addition, clear-sky footprints are necessary in order to enable the ERB instrument to be used
for reducing uncertainties in aerosol radiative forcing, another major scientific objective in the
2017 Decadal Survey. Note that the 20-25 km footprint recommendation is an upper bound. In
some respects, 20-25 km is actually coarser than desirable because it under-samples cloud free
regions, but it is consistent with CERES. The CERES footprint was chosen after trade studies in the
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1990’s determined that this was an optimal value given detector response times and the need
for daily global geographic coverage, which established the required scan rate given the orbital
speed of the spacecraft. It is also worth noting that a smaller footprint is unlikely to affect the
ability to create a continuous ERB data set from the EVC instrument in combination with CERES.

Itis critical that the fields of view of the NFOV instrument channels be co-registered. That
is, that they simultaneously measure the same ground location. This is required in order to
determine SW and LW radiative fluxes by differencing a combination of TOT and SW or TOT and
LW.

5.1.3 Geographic Coverage

In order to continue the CERES data products at a comparable accuracy to what is
currently provided, the new ERB instrument should provide near-global coverage daily. To better
understand the impact of reduced geographical coverage, we compare TOA fluxes for CERES
sampling with those for viewing zenith angles (VZA) < 45°, where VZA is defined at the surface.
Although the CERES algorithms can determine TOA fluxes for VZA <70°, the imager (e.g., MODIS)
is restricted to a maximum VZA of =65°, so we assume 65° as representative of the VZA limit for
the current CERES data products. Figure 5.1a-d compare daily (24-h) mean SW and LW TOA fluxes
for VZA < 45° and VZA < 65° for January 4, 2008. In the SW, the geographic coverage is
significantly reduced everywhere except poleward of 60°S for VZA < 45° (Figure 5.1a), while only
a small area at the swath edges is missing for VZA < 65° (Figure 5.1b). Since LW includes both
daytime and nighttime overpasses, geographic coverage improves in both cases (Figure 5.1c-d).
However, biases of £20 Wm™ in the 24-h mean LW TOA flux occur for VZA < 45° in regions
sampled only during daytime or nighttime satellite overpasses (Figure 5.2).

Figure 5.3a-d show the error in monthly mean TOA flux for January and July 2008. In the
SW, errors reach 20 Wm™ over the South Pacific Convergence Zone and Southern Ocean. Errors
are also appreciable for both SW and LW over central Africa in January. In these locations, day-
to-day variability in TOA flux is pronounced, resulting in a greater sensitivity to reduced
geographical coverage. The global monthly RMSE is 6 Wm2 for SW and ~3 Wm for LW. This
causes the overall regional monthly mean TOA flux uncertainty to more than double in the SW
and increase by 67% in the LW.
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Figure 5.1 All-sky SW (top) and LW (bottom) TOA flux for January 4, 2008 for (a, c) VZA< 45° and (b, d) VZA< 65°.
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Figure 5.2 All-sky LW TOA flux difference for January 4, 2008 (LW(VZA<45°) minus LW(VZA< 65°)).

The error in regional TOA flux monthly variability for VZA < 45° is 50% for SW and 30% for
LW. Variability is determined from the standard deviation of deseasonalized monthly anomalies
over 17.5 years (March 2000-September 2017). Globally, the corresponding error for both SW
and LW monthly variability is ®18%. In these comparisons, the 45° VZA cut-off is applied over the
entire record. If we instead retain full VZA coverage for part of the record and apply the 45° VZA
cut-off for the remainder, the above errors increase. This is because there is a VZA dependence
in CERES TOA flux that is not entirely removed by the CERES ADMs (Su et al., 2015b).

Regional trend differences due to a 45° VZA cut-off are roughly 0.8 Wm™ per decade for
both SW and LW (for 17 years of Januaries). In addition, regional trend differences are quite noisy,
with the satellite tracks apparent in the regional difference plots. Global trend differences due to
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45° VZA cut-off are generally quite small, remaining < 0.055 Wm2 per decade for SW and < 0.03
Wm2 per decade for LW, at the 95% confidence level.
(a) January; SW (Global RMSE = 6.1 Wm-2)
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Figure 5.3 Regional monthly mean TOA flux error due to reduced geographical coverage (Wm2). SW TOA flux
difference for VZA < 45° minus VZA < 70° for (a) January, (b) April, (c) July and (d) October 2008.

Reduced geographic coverage has both practical and scientific implications. First, it
hinders the ability to assess and attribute inter-satellite differences since it reduces the number
of coincident samples that can be acquired from instruments on different platforms. Secondly, in
order to produce a consistent record, the entire CERES CDR would need to be reprocessed with
the same geographical coverage throughout. In the example above, this would mean discarding
all CERES observations with VZAs > 45° from the start of the CERES record onwards, resulting in
larger errors over the entire CERES CDR. The increase in error associated with reduced geographic
coverage would impact research in each of the ERB science focus areas in Section 3. For example,
in order to determine the contributing factors explaining the spatio-temporal variations in ERB,
it is necessary to resolve ERB both regionally and daily. This is because regional ERB variations
are strongly influenced by phenomena occurring over short time scales. In the tropics, this
includes equatorial waves, Madden-Julian oscillation and monsoons, which occur at synoptic,
intraseasonal and seasonal time scales. In addition, it is becoming increasingly evident that
regional patterns of warming and the associated patterns of low cloud response to the warming
play a crucial role in determining the magnitude of global cloud feedback (Andrews et al., 2012;
Armour et al., 2013; Zhou et al., 2016, 2017). This means that in order to constrain cloud feedback
due to global warming from observational records, ERB observations need to provide CRE
changes with time at both regional and global scales. Because reduced geographic coverage
results in large regional TOA flux errors, our ability to observationally constrain cloud feedback

29

0



would be degraded. Finally, restricting geographical coverage would reduce clear-sky sampling,
which is required to infer aerosol radiative effects. Thus, in order to preserve the quality of the
ERB CDR at the present level and continue to support ERB science, the ERB SWG recommends
that the new ERB instrument provide near-global coverage daily.

5.1.4 Angular Sampling

Each of the CERES instruments is designed to scan from limb-to-limb in different scan
modes. In crosstrack mode, the scan is perpendicular to the groundtrack, enabling global
coverage daily. In alongtrack mode, the instrument scans along the ground track to provide
multiangle views of the same target. CERES is also able to rotate in azimuth as it scans in elevation
(RAP mode), thereby acquiring radiance measurements from multiple Sun-Earth-satellite viewing
geometries. Finally, in the programmable azimuth plane scan mode (PAP), commands are
uploaded and sent to the instrument in order to optimize sampling over specific targets (e.g.,
field campaigns) or to intercalibrate with other instruments by aligning the CERES scan plane with
that of the other instrument. This ability to scan in different modes has been a tremendous asset
during the CERES project. It has been a critical part of CERES algorithm development and
validation efforts.

CERES radiative fluxes are determined from measured radiances by applying empirically
derived ADMs that describe the angular dependence of the TOA radiation field (Loeb et al., 2005,
Su et al., 2015a). Since the angular dependence is a strong function of scene type, the ADMs are
classified according to imager-derived scene properties. In order to acquire sufficient sampling
to construct ADMs, multiple years of RAP data are needed. Thus far, separate ADMs have been
developed for CERES PFM on TRMM, CERES FM1 and FM2 on Terra, and CERES FM3 and FM4 on
Aqua. For CERES PFM on TRMM, sampling was limited due to its premature failure. For Terra,
just under 5 years of RAP data were used, while just under 3 years were available for Aqua (Su et
al., 2015a). The CERES team plans to produce ADMs from CERES FM5 on SNPP and use those to
infer TOA fluxes from the CERES instruments on both SNPP and NOAA-20. These two missions fly
virtually identical instruments at the same altitude (825 km).

While it would be highly desirable to retain the unique angular sampling capability of
CERES in the new ERB instrument, the ERB SWG recognizes that this could be technically
challenging and costly. Since ADMs have already been developed on Terra and Aqua and will soon
be developed with FM5/SNPP, it would be possible to apply those ADMs to the new ERB
instrument, obviating the need to build a new set of ADMs. Eliminating the need to construct
ADMs with the new ERB instrument significantly relaxes the needed angular sampling
characteristics compared to that for CERES and RBI. However, reducing the angular sampling on
the new ERB instrument would preclude validation of the accuracy in instantaneous radiative
fluxes for the new instrument based upon the kinds of multiangle consistency checks used
routinely with the CERES sensors. It will also significantly limit our ability to perform
intercalibration checks with other instruments or support field campaigns as they arise. The
choice to relax the angular sampling capability is therefore entirely pragmatic, based upon the
cost constraints of the EVC program rather than science.

Thus, the ERB SWG recommends angular sampling that is consistent with CERES cross-
track mode as a threshold characteristic and angular sampling consistent with all CERES scan
modes as an objective.
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5.1.5 Radiometric Accuracy

The CERES instrument has absolute accuracies of 1% (k=1) for SW and 0.5% for LW and
TOT. While recommended here for the EVC instrument given the program’s continuity mission,
these accuracies are insufficient to provide an accurate independent value of EEl. However, as
has been demonstrated in several studies, the CERES record is able to accurately track variations
in EEl on time scales ranging from monthly to interannual due to instrument stability
characteristics, careful attention to in-flight calibration, and near-global coverage daily (Loeb et
al., 2012a, 2016c). With a longer record, it will also enable observation of decade-to-decade
variations in EEl and an assessment of feedback contributions to EEI for the first time. In order to
overcome the absolute calibration uncertainty, the CERES global mean net TOA flux is anchored
to along-term mean EEI, based primarily on the Argo ocean profiling network. The approach used
to anchor the CERES global net flux to EEl is by adjusting global mean SW and LW TOA flux values
within their respective uncertainties via a Lagrange multiplier objective constrainment technique
(Loeb et al., 2009a). If the SW and LW absolute uncertainties were too large owing to poor
absolute calibration, this would result in a situation in which the SW and LW components of net
TOA flux would be erroneous even though the net TOA flux was well constrained. This arguably
would defeat the purpose of constraining to in-situ EEl and make the ERB observations of
questionable value for climate model evaluation, which depends upon having accurate SW and
LW observations. The SWG therefore recommends maintaining the radiometric accuracy of the
new ERB instrument at least at the CERES level. With coincident intercalibration measurements
from the Climate Absolute Radiance and Refractivity Observatory (CLARREO) (Wielicki et al.,
2013), improved absolute accuracy beyond what is achievable with CERES is feasible with
sufficient intercalibration opportunities, but that would still be insufficient to provide an absolute
accuracy of EEl to better than 0.3 Wm™ (1c).

Recently, some have proposed mission concepts to measure EEI to 0.3 Wm™ absolute
accuracy (1o) using nonscanner WFOV instruments. The ERB SWG is highly skeptical that such an
absolute accuracy is achievable solely from satellites. Since the total outgoing radiation is ~340
Wm=2, this means an absolute accuracy of < 0.09% would be required to achieve this goal. The
use of broadband WFOV instruments for measuring the global net radiation budget is not a new
concept, with such instruments aboard the Nimbus 7 satellite between 1978 and 1988 as well as
on the ERBE mission between 1985 and 2005. More recently, a European-lead PICARD satellite
mission produced a limited 37-month data record of global net radiation from a WFOV
instrument. Unfortunately, the on-orbit accuracies of these WFOV instruments failed to meet
their prelaunch accuracy goals owing to inherent challenges in calibrating these types of
instruments. Importantly, the absolute accuracies of these early missions (Nimbus 7 and ERBE)
were of order 2-5 Wm™, roughly an order-of-magnitude less stringent compared to those
promised for future WFOV instruments. However, these new missions have not addressed how
to overcome the on-orbit challenges experienced during the earlier WFOV missions and meet
such stringent absolute accuracy characteristics. For a detailed discussion about the calibration
challenges with WFOV instruments, see Wong et al. (2018).

5.1.6 Radiometric Stability
One of the most challenging characteristics for a CDR is to enable unambiguous detection
of long-term trends in the climate system. This requires a well-characterized set of instruments

31



on multiple platforms whose calibration systems can detect and correct instrument changes so
that real climate system changes can be identified without the confounding influence of
instrument artifacts or calibration drifts. In practice, achieving a given stability goal requires use
of both onboard calibration sources and vicarious calibration (Priestley et al., 2011). For CERES
Terra and Aqua, after applying instrument gains determined from onboard calibration sources,
SW channel SRF changes are determined vicariously through a direct comparison of coincident
CERES nadir radiances from instrument pairs on the same platform (Thomas et al., 2010). The
loss of transmission with wavelength (or spectral degradation) is represented by an exponential
relationship with one free parameter, which is inferred monthly from CERES nadir radiances. We
assume the instrument in RAP mode degrades relative to the crosstrack instrument and account
for any drift in the ratio of coincident unfiltered radiances. After applying this approach
independently to CERES instruments on Terra and Aqua, trends in monthly anomalies are
consistent to 0.21 Wm™ per decade for ocean, and 0.31 Wm™ per decade for land (Loeb et al.,
2016c). Relative to the global mean SW flux, this consistency corresponds to < 0.25% per decade.

In the LW, daytime measurements are the most challenging, as they involve removing the
contribution from the SW portion of the TOT channel with the SW channel radiance
measurement. To account for SRF changes in the SW portion of the TOT channel, a spectral
degradation relation similar to that for the SW channel is assumed (Loeb et al., 2016c). After
applying instrument gain coefficients to the TOT and SW channels, and accounting for SRF
changes in the SW, linear regression coefficients are computed each month for tropical daytime-
nighttime LW versus daytime-nighttime WN radiance differences for all-sky ocean and all-sky
land/desert scene types. A correction to the SW portion of the TOT SRF is derived using the
spectral degradation curve that yields the smallest variation in regression fits compared to the
first month of the mission. This ensures that the relationship between tropical daytime-nighttime
LW and daytime-nighttime WN radiance differences remains consistent throughout the mission.
When this method is applied to Terra and Aqua, global daytime—nighttime LW differences remain
stable throughout the missions over both global ocean and land/desert. When the CERES Terra
and Aqua Edition 4 LW TOA fluxes are compared, their trends are consistent to 0.16 Wm per
decade (Loeb et al., 2016c). Relative to the global mean LW flux, this consistency is < 0.1% per
decade. As with SW, this is well below the threshold capability of 0.3% per decade (k=1) in Table
5-1, indicating that the stability capability recommended in Table 5-1 is not overly restrictive. In
addition to showing consistent trends, monthly anomalies are very close. Differences between
global monthly anomalies from CERES instruments on Terra, Aqua and SNPP are < 0.12 Wm™ for
SW, < 0.16 Wm™ for LW and < 0.17 Wm™ for net TOA flux (Loeb et al., 2018b). Recent
comparisons between CERES LW and AIRS narrowband-to-broadband LW monthly anomalies and
short-term trends also show a remarkable degree of consistency (Susskind et al., 2012; Huang et
al., 2012; Su et al., 2017).

5.1.7 Radiometric Precision and Linearity

The needed instrument radiometric precision capability is < 0.2 Wm=2 sr! + 0.1% of
measured for SW, < 0.45 Wm™ sr! + 0.1% of measured for LW, and < 0.3 Wm?2 sr! + 0.1% of
measured for TOT. The linearity capability is 0.3% from linear over dynamic range (k=2).
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5.1.8 Onboard Calibration System

The primary purpose of an instrument’s onboard calibration subsystem is to: 1) provide
traceability post-launch to the primary absolute standards utilized during the pre-launch
calibration testing, and 2) enable detection, quantification and correction of changes in
instrument sensitivity (temporal, spatial, spectral, and dynamic response) throughout the
mission so that subtle changes in the climate system can be unambiguously detected. For a
broadband instrument, this typically involves variable temperature blackbodies in the infrared
part of the spectrum and visible calibration sources and targets in the reflected solar or SW
portion. These multiple sources/targets should cover the broad dynamic and spectral ranges of
the earth observations. In the SW, both the gain and spectral response of the instrument can
change with time. Inferring LW from TOT minus SW can require calibration corrections to the SW
channel and/or the SW portion of the TOT channel, both of which can degrade independently.

It is well established that instrument UV exposure and molecular contamination cause a
loss of measurement sensitivity with time, particularly in the blue end of the solar spectrum
(Priestley et al., 2011). Evidence of spectral darkening exists from MODIS, VIIRS, GOME, and many
other instruments (Coldewey-Egbers et al., 2008; Xiong et al., 2016), as well as from the Long
Duration Exposure Facility (LDEF) experiment (Herzig et al., 1993), a dedicated experiment to
measure spectral degradation of different materials exposed to space. In each case, the loss of
sensitivity is wavelength dependent: the degradation is most pronounced at wavelengths less
than 0.5 um. The degree of radiometric degradation varies from mission-to-mission in an
unpredictable manner, depending on the specific species of contaminant and operational
scenario. For MODIS and GOME, the changes are easily corrected because these instruments
have functioning onboard calibration equipment. It should also be noted that the MODIS and
GOME sensors make measurements in narrow spectral bands and have small (~1km and less)
fields-of-view with accuracy requirements a factor of 2 to 5 less stringent than CERES, all of which
simplify their task.

Lacking such capability, the only viable option is to use Earth scenes to gauge the stability
of the instrument. That approach requires considerable effort by the instrument calibration team
and depends on the stability of the scenes considered, which is generally not known a priori at
the required accuracy levels. For example, if one wanted to correct for spectral degradation at
short wavelengths, a logical choice would be to monitor measured reflected solar radiances from
cloud-free ocean scenes since they contain proportionately more energy than cloudy scenes at
wavelengths below 0.5 um, where spectral degradation is most pronounced. However, the
spectral content and magnitude of reflected solar energy from cloud-free ocean scenes is heavily
influenced by aerosol and surface albedo changes, and there is no known way to accurately
distinguish between these potential changes and changes occurring in the instrument. Hence,
reliable independent onboard calibration is vital to sort between changes in the instrument and
Earth targets. Use of Earth scenes as an absolute stability metric is not viable for the CERES
calibration requirements. With sufficient temporal and angular matching of observations, Earth
scenes are nonetheless useful for relative comparisons amongst channels/instruments and as a
validation that onboard calibration sources are performing as expected.

During the CERES design phase, spectral darkening due to molecular contamination of
optical components was determined not to be an issue. Therefore, the primary criteria for the
onboard calibration subsystems were knowledge and traceability of the radiometric sources
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utilized, rather than spectral stability of the entire optical path (including the sources) within the
subsystem. However, early in Phase-E of the CERES Terra and Aqua missions the science team
noticed significant decreases in albedo that varied as a function of scene-type. The results
demonstrated a decreasing trend for deep convective cloud of 0.25% and 2.8% per decade for
FM1 and FM2, respectively, and a decreasing trend in tropical mean clear ocean of 3.5% and 7.5%
per decade for FM1 and FM2, respectively. The clear ocean change significantly exceeded
expectation based upon MODIS radiance and aerosol optical depth changes for the same period.
Because the magnitude of the change was different for these two scene types, it could not be
explained as a drift in the SW channel radiometric gain since such a change would be independent
of scene type.

Unfortunately, the main tool for monitoring long-term on-orbit SW calibration stability
(i.e., the Mirror Attenuator Mosaic, or MAM, a solar diffuser plate that attenuates direct solar
view) provided no insight for unscrambling these trends, as the surface reflectance properties of
the attenuator changed significantly with time, and the design of the legacy MAM subsystem did
not include an independent reference detector to quantify and correct this change.
Consequently, the CERES calibration team decided not to use the MAMs as a discriminator in
their cal/val protocol for Flight Models 1-4 on Terra and Aqua. For FM5 and FM6, MAM
performance improved significantly.

The CERES SW Internal Calibration Source (SWICS), a single evacuated quartz tungsten
lamp operated at three discrete current levels producing spectra roughly equivalent to 2100 K,
1900 K and 1700 K brightness temperatures, showed changes of only a few tenths of a percent,
or an order-of-magnitude smaller than the clear-ocean albedo trends. This apparent
contradiction occurs because the bulk of the energy for the SWICS is concentrated at wavelengths
> 1 um, where spectral darkening is suspected to be minimal. The solar diffuser (MAM), by nature
of the solar spectra, would provide information in the wavelength range below 1 um.
Consequently, the CERES onboard calibration equipment failed to help detect, quantify, and
correct for the spectral darkening observed on CERES FM1-FMA4. Instead, the CERES team relied
on the direct comparison of CERES radiances from the CERES instrument pairs on both platforms
to compensate for the spectral darkening. They noted that the spectral darkening was a strong
function of instrument scan mode, with the RAP instrument showing enhanced degradation
relative to the instrument in crosstrack mode. Assuming the crosstrack instrument was stable,
calibration corrections were made to the RAP instrument by adjusting its SRF in time to ensure
consistency between coincident nadir measurements from the two instruments. We note that
this approach was only possible because Terra and Aqua flew pairs of CERES instruments.
Because FM5 and FM6 fly ‘solo” on the SNPP and NOAA-20 satellites, respectively, this approach
is not feasible. Consequently, the instruments have remained in crosstrack mode. In the case of
FMB®6, careful attention was also paid to potential contamination of optical surfaces during ground
testing, and the MAM underwent additional pre-conditioning.

Based upon the CERES experience, it would be highly desirable for the future ERB
instrument to provide a way of monitoring instrument degradation across a range of
wavelengths, including the 0.3 to 0.5 um region. As noted earlier, all instruments degrade in the
space environment. The onboard calibration system needs to account for these changes so that
Earth changes can be detected independently of changes in the instruments themselves. The RBI
design included a visible calibration target as part of its onboard calibration system to monitor
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spectral degradation in narrow spectral bands at short wavelengths (<1.8 um). It is unclear how
well that approach would have worked in practice had RBI flown, but it appeared to be a
promising step forward. Alternately, another way to minimize the impact of instrument
degradation is to design and operate the instrument to reduce exposure to in-orbit degradation.
This could also involve “pre-conditioning” the instrument prior to launch in order to minimize the
post-launch changes, as was done on CERES FM6. The ERB SWG recommends that the EVC
instrument be designed with careful attention to the onboard calibration system to enable
characterization across the broad spectral and dynamic range of the Earth Scenes being
measured.

5.1.9 Vicarious Calibration

As an independent check that the onboard calibration system is functioning adequately
and that there are no unexpected spurious drifts that go undetected by the instrument, it is useful
to monitor Earth targets known to be relatively stable, such as deserts and deep convective
clouds (DCCs), as well as other sources such as the sun (e.g., via a solar diffuser) and the moon.
At infrared wavelengths, onboard calibration systems are usually robust so there is less need for
vicarious calibration. In the UV to visible region, onboard calibration has historically been more
challenging, making vicarious calibration a useful part of the instrument calibration protocol. For
CERES, the CERES team routinely performs three-channel intercomparisons to verify calibration
(Priestley et al., 2011). In that approach, daytime LW is derived using both daytime TOT minus
SW, and via nighttime-derived TOT vs WN regressions applied during daytime for DCC scenes.
With a WN channel, the approach only works for DCCs because water vapor variability above
DCCs is minimal, resulting in a tight relationship between TOT and WN radiances. The LW channel
on FM6 greatly expands the three-channel intercomparison to all scenes, not just DCCs. SW
channel stability checks using DCCs and desert scenes are useful but are generally less reliable
compared to their use in narrowband stability checks owing to particle size variations in DCCs
and spectral variations of desert targets. Similarly, while clear-sky ocean has more energy in the
blue region, where instrument degradation is generally stronger, it is a challenge to
unambiguously separate systematic changes in aerosol concentration and type from potential
instrument drift.

As noted earlier, degradation at wavelengths below 0.5 pm impacts virtually all
instruments that measure reflected solar radiation, and arguably can only be independently
corrected for using the instrument’s onboard calibration system. Some have proposed using the
moon or the sun as stable calibration targets for monitoring and correcting broadband
instrument calibration changes. While these are indeed quite useful, the moon and sun have their
own unique spectral signatures that differ markedly from the wide range of reflected spectral
shapes of Earth scenes, and also have a fixed brightness level that provides a two-point
calibration (space to solar/lunar target) that is unable to separate a dynamic gain change from
offset, or a change in spectral transmission. As a result, the sun and moon add value and
complement a broad and robust calibration and validation protocol, but on their own cannot be
used to account for spectrally dependent changes that we know can occur for a broadband
instrument.
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Thus, while vicarious calibration is extremely useful and should be an integral component
of an ERB instrument’s calibration protocol, the SWG does not believe that it is a substitute for
onboard calibration.

5.1.10 Potential for Future Reference Spectrometer Intercalibration

The 2007 and 2017 Decadal Surveys called for reference spectrometers in orbit to support
on orbit calibration of a wide range of reflected solar and thermal infrared sensors at climate
change accuracy (NRC, 2007, NASEM 2018). These spectrometers are designed to provide
international standards (Sl) traceability across the full reflected solar and infrared spectrum with
the ability to match other sensors such as CERES, VIIRS or geostationary imagers and sounders in
space, time, viewing angle, and spectral response. The resulting matched Earth viewing
observations during orbit crossings then provide an independent path to Sl traceability for these
sensors over decadal time periods and thereby reduce the impact of calibration drifts or
calibration shifts across data gaps in CDR space based observations (Wielicki et al. 2008, Lukashin
et al. 2012, 2013, Roithmayr et al. 2014a, 2014b, Tobin et al. 2016). The reflected solar reference
spectrometer is designed to use a 2-axis gimbal to allow time/space/angle of view matching
across the entire scan swath of a low Earth orbiting radiometer or a geostationary radiometer.
The gimbal enables intercalibration as a function of scan angle thereby allowing verification of
calibration changes with scan angle mirror degradation, as well as determination of scan angle
dependent polarization dependence (e.g MODIS, VIIRS). Finally, the ability to match across scan
angles provides 100 times more coincident observations than current GSICS Simultaneous Nadir
Overpass (SNO) methods. This greatly increased matched sampling enables separate
characterization of calibration accuracy as a function of dynamic range (nonlinearity), orbit
position (thermal heating effects on performance) and Earth scene type (CERES and other sensors
spectrally dependent degradation dependence on scene type), and scan angle dependent
polarization sensitivity (Lukashin et al. 2013).

Since the 2007 Decadal Survey, these reference calibration spectrometers have been
developed and demonstrated in the laboratory and on high altitude balloon flights (Kopp et al.
2017). The accuracy of these spectrometers would be sufficient to calibrate CERES type
broadband sensors across data gaps, with 0.3% k=2 S| traceable absolute accuracy in the
reflected solar spectrum and 0.07K k=2 accuracy in the infrared spectrum (Wielicki et al. 2013).
The spectrometers are designed to cover over 95% of all broadband SW and LW energy to space
to enable intercalibration of CERES-like broadband sensors (Wielicki et al. 2013).

The current status of CLARREO-like reference spectrometers is that no long-term
observations of this type are planned. Instead, the next step toward this type of climate reference
calibration is a CLARREO Pathfinder mission to the International Space Station. This mission is
currently in phase A development with a planned launch to ISS in early 2023. Its goal is to
demonstrate both Sl traceable absolute accuracy of a reflected solar spectrometer at 0.3% k=1
and to demonstrate intercalibration of CERES and VIIRS at the same level of uncertainty. The
spectrometer is based on an existing University of Colorado LASP instrument that demonstrated
the new capability in a high-altitude balloon flight in 2016 (Kopp et al. 2017). The spectrometer
has contiguous spectral coverage from 350 nm to 2300 nm covering over 95% of reflected solar
energy to space, with spectral sampling of 3 nm.

36



As a low cost demonstration mission, CLARREO Pathfinder is currently funded for 1 year
of operations on ISS. Additional lifetime on orbit is to be determined at a later time based on
successful demonstration on ISS. Operation of ISS is currently only assured to 2024 with
international discussions to potentially continue to 2028. The launch of JPSS-3 relevant to the
EVC competition is planned for launch 4 years after the CLARREO Pathfinder ISS mission.
Currently NASA has not committed to extending the Pathfinder lifetime beyond 1 year. As a
result, Pathfinder will provide a calibration reference for the CERES instruments still operating at
that time. It is not clear, however, if the instruments will be allowed to operate on ISS long
enough to overlap with the EVC broadband sensor relevant to this study. The Pathfinder
spectrometer is required to have a lifetime design of at least 1 year on orbit at 0.85 survival (Class
D mission). Likelihood of survival to provide reference calibration overlap with EVC in an
extended mission operations would therefore be approximately 0.50. The final constructed
instrument reliability analysis may exceed the 1 year requirement, but this will not be known for
several years further into the Pathfinder project. There is currently no commitment by NASA or
other space agencies to maintain long term reference calibration spectrometers in orbit that
could be used to determine the stability of the EVC broadband instrument over its expected
lifetime. We conclude that the CLARREO Pathfinder reference spectrometer cannot be counted
on at this time to reduce the impact of data gaps on this CDR, or to affect its need for onboard
calibration.

5.1.11 Mission Class and Lifetime

The RBI was a Class B instrument with a lifetime design requirement of 7 years with a
survival probability of 0.85. While long lifetime is desirable, the cost of designing and building to
such a requirement is prohibitive. It is therefore necessary to lower the lifetime requirement to
fit with the cost cap of the EVC program. The recommendation is for a Class C instrument with
design lifetime of 5 years with a survival probability of 0.7. The existing CERES instruments were
built to a design lifetime of 5 years at 0.85 survivability.

5.1.12 Orbit

In order to exploit the current CERES processing software and provide for continuity, the
radiometer needs to be placed into a sun-synchronous polar orbit at an altitude of between 700
and 850 km, with an afternoon (1:30 PM) equator crossing time. The CERES instruments on the
Aqua and Terra satellites orbit at 705 km, which results in a ground footprint of approximately
20 km (equivalent circle diameter at nadir). At the 824 km orbit of the Suomi-NPP and JPSS-1
satellites, the ground footprint is about 25 km.

This range orbit will allow for reuse of the ADMs created by the CERES instruments, which
convert the radiances measured by the instrument to radiative flux. Since the current ADMs do
not have sampling for solar zenith angles less than 20 degrees, equator-crossing times closer to
local noon would require an instrument design that would allow for the production of new ADMs.
In addition, the strong diurnal variability of clouds makes it difficult to move too far away from
the CERES equator-crossing time without causing a potentially large discontinuity in the radiation
budget data record. That is, there is a limit to the degree to which we can adjust for cloud diurnal
variability. Estimates made of the impact of proposed changes in the Terra equator crossing time
on the Terra/CERES data set suggest that no more than a 15-minute variation in crossing time is
acceptable.
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Another critical characteristic is that the ERB instrument either fly on the same platform
or in formation with a capable imager (Section 5.2). The CERES algorithms combine imager data
(MODIS or VIIRS) with CERES broadband measurements in order to apply the CERES ADMs. The
imager-derived aerosol and cloud properties are also used in order to determine surface radiative
fluxes. If the imager is not on the same platform as the ERB instrument, the two should observe
the same scene within 3 min of each other and in the same viewing geometry.

5.1.13 Overlap

While ERB instruments are precise enough to track changes in ERB, there is a need for
overlap between successive missions to enable intercalibration to the same radiometric scale
and thereby prevent large artificial discontinuities in the record. Without overlap between
successive instruments, there would be a loss of accuracy in the long-term record. Based upon
an analysis of overlapping CERES Terra and Aqua data, Loeb et al. (2009b) recommend that at
least 6 months of global or 1 year of tropical overlapping measurements between successive
instruments are needed.

Ideally, intercalibration of two instruments involves using coincident measurements from
the same viewing geometry and adjusting the calibration of one instrument so that its radiance
is consistent with that of the other. In order to minimize the influence of spatial matching noise,
it is best to collect many matched footprint pairs during the overlap period and average them
over larger domains for a range of surface types and clear and cloud conditions. Radiometric
scaling is best achieved by adjusting the instrument’s SRF via a grey scale adjustment and, if
necessary, adjusting the shape of the SRF within uncertainty to minimize differences across the
different scene types. The procedure requires using unfiltered radiances and, for best results,
involves using the imager to identify clear FOVs.

Alternatively, if coincident measurements are unavailable due to differences in orbit
phasing, the overlap correction can be performed statistically using large-scale all-sky averages
from time interpolated and space averaged data products for the individual instruments (e.g.,
CERES SSF1deg). Scatterplots of monthly zonal means can provide the data needed to fit a slope
and intercept, which in turn can be used to scale one instrument to the other. The drawback of
this technique is that it precludes making adjustments to the SRF to minimize differences across
different scene types. However, one advantage is that in addition to radiometric scaling
calibration differences between the instruments, this approach can account for additional non-
calibration differences, for example, due to input datasets, algorithm implementation, etc.

When coincident instantaneous measurements are available for intercalibration, a useful
consistency check after radiometric scaling is to compare zonal averages as described in the
preceding paragraph as a final check on whether or not non-calibration differences are
important. Ideally, the slope of the regression should be close to unity and the offset zero. If
that is not the case and there is a large discrepancy, further investigation into the root cause of
the difference is needed.

5.2 Imager

The spectral information and higher spatial resolution of the imager complements the
broadband ERB instrument by providing detailed information about the clouds, aerosols and
surface properties within ERB instrument footprints (Minnis et al., 2011; Minnis et al., 2018;
Trepte et al., 2018; Levy et al., 2007; Hsu et al., 2004). This information is key to enabling accurate
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radiative fluxes from measured ERB radiances and for identifying clear scenes used to determine
clear-sky radiative fluxes. Because the angular dependence of radiance depends strongly upon
the properties of the observed scene, the CERES ADMs are a function of imager-derived scene
information, acquired at the same time as the CERES measurement. The relevant imager
information includes whether the scene is clear or cloudy, its surface properties, cloud amount,
phase, optical depth, and temperature.

Since the ADMs are constructed using scene information derived from a specific imager
and retrieval approach, it is recommended that a very similar imager and retrieval approach be
used when the ADMs are applied to determine instantaneous TOA fluxes from measured
radiances. Using consistently derived imager-based properties to both develop and apply the
ADMs minimizes possible systematic error that could arise if different scene-identification
approaches are used in developing and applying the ADMs (Su et al., 2017). This is analogous to
what is recommended in neural network applications: the inputs used to train a neural network
should be consistent with those used when applying the neural network. If a scene type is
identified differently when applying the ADMs from how it was identified when the ADMs were
developed, this could cause the anisotropic factor used to convert the radiance to flux to be
systematically biased.

This places an important constraint on the imager and scene identification algorithm that
is used with the new EVC ERB instrument. If the new EVC ERB instrument is not equipped to
produce ADMs, and ADMs from CERES FM5 on SNPP are used to determine TOA fluxes from the
EVC ERB instrument, the scene identification from the imager that flies alongside the EVC ERB
should be as consistent as possible with the scene identification that was used to develop the
SNPP ADMs. Otherwise, there could potentially be large systematic errors in TOA fluxes from the
EVC ERB due to inconsistent scene identification. This problem would be less severe if ADMs
could be generated from EVC ERB since the same scene identification could be used in both
developing and applying the EVC ERB ADMs. In order to increase the likelihood that the scene
identification from the imager that flies alongside the EVC ERB remains consistent with that
based upon VIIRS on SNPP, the two imagers arguably should have similar characteristics (e.g.,
spectral bands, spatial resolution, etc.). The optimal solution would be to have another VIIRS
imager flying alongside the EVC ERB (e.g., on JPSS-3).

The imager is also critical for correctly identifying clear-sky areas observed by the ERB
instrument. The imager spectral information and high spatial resolution can discriminate dust
from cloud, identify thin cirrus, and enable cloud and clear-sky properties in broken cloud
conditions, which occur frequently over ocean. Imager-derived properties are also used in CERES
processing to produce surface radiative fluxes using the NASA Fu-Liou radiative transfer model
(Kato et al., 2013; Rose et al., 2013; Rutan et al., 2015). To minimize inconsistencies between
clear-sky identification from MODIS on Aqua and VIIRS on SNPP and NOAA-20, only spectral
bands that are common to both imagers are used in CERES processing. In addition, MODIS and
VIIRS are placed on the same radiometric scale through intercalibration in order to ensure cloud
property retrievals derived from the two imagers are as consistent as possible.

Table 5-2 lists the imager characteristics that would satisfy this condition. The nominal
spatial resolution should be 1 km, which is similar to MODIS and VIIRS. Also shown in Table 5-2
are the required spectral bands and how they are used in CERES processing to: identify pixels that
are clear and cloudy (cloud mask), infer cloud properties, infer sub-footprint resolution clear-sky

39



TOA fluxes in partly cloudy conditions (EBAF), apply CERES ADMs for clear scenes, and determine
CERES surface radiative fluxes. In the Comments column, we provide specific information about
how the spectral bands are used and what each band enables.

If a MODIS or VIIRS class imager is not available to fly alongside the EVC ERB instrument,
the minimum set of imager spectral bands that could still be used for scene identification are the
first five shown in Table 5-2. These are essentially the AVHRR bands. They can enable
discrimination between clear and optically thick clouds and provide some cloud property
retrievals, but they are of limited use in distinguishing between clear and cloudy pixels in heavy
aerosol conditions (dust, smoke, pollution), over snow and ice, and over thin cirrus. As a result,
the ERB data product would provide a less accurate constraint on cloud feedback and aerosol
forcing. In addition, in order to ensure a consistent ERB CDR, the entire CERES record would need
to be reprocessed using only spectral channels common to all imagers. This would also require
that the CERES ADMs on Terra, Aqua and SNPP be reconstructed from scratch using a scene
identification algorithm based upon the limited imager spectral bands. Thus, a lesser imager
would significantly reduce the reliability of the ERB CDR and dramatically increase the level of
effort required in order to produce the most consistent ERB record possible. It follows that an
EVC ERB instrument capable of measuring broadband SW and LW radiances at a 1-km resolution
would not eliminate the need for an imager since it would not have sufficient spectral
information to discriminate between clear and cloudy pixels.

5.3 Impact of Observing System Inconsistencies

Differences in spatial and temporal sampling between the new ERB instrument and CERES
would have important implications on the quality of the entire ERB CDR. For example, a reduction
in swath width would require the entire CERES CDR to be reprocessed using the same reduced
swath width throughout the CDR. Similarly, if the new ERB instrument flies with a less capable
imager than MODIS or VIIRS, the CERES algorithms and production code would need to be
modified to use consistent imager characteristics. Thus, if the new imager has fewer spectral
bands than MODIS or VIIRS, only those spectral bands common to all imagers would be used
across the CDR. While these changes would likely degrade the quality of the ERB record during
the 20+ years of CERES, they would minimize the chance of a discontinuity in the record when
the new ERB instrument and imager are added to extend the ERB CDR beyond CERES. The
algorithm and code changes required would also result in significant additional effort (and
therefore cost) during Phase E.
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Table 5-2 Imager characteristics needed to address various tasks within the current CERES processing system.
M=Mask; R=Retrieval; f=cloud fraction; z=cloud optical depth; T=cloud-top temperature; Re=effective radius;
ch=channel; NB2BB=narrow-to-broadband; BB=broadband.

Center Nadir
Wavelength Resolution
(pm) (km) Primary Use Comments
0.645 0.25-1.0 M,R:7, T (c1)
A a 0y e G it v @t sy M: Core channels allow discrimination between clear
and optically thicker clouds.
3792 1 M, R: Re, nighttime [P
11.03 1 M, R: T, nighttime t R: Enable cloud optical properties over wide range of
conditions during daytime and for optically thin clouds
12.02 1 M, R: cirrus, aerosol, nighttime t© at night .
1.375 1 M: thin cirrus detection (c2)
To discriminate between clear and
Cotdy |m.ager Pl Ymh'" EERES 1.24 1 M, R: T over snow, Re M: Improve discrimination between clear and cloudy
footprints and retrieve cloud P _— .
. i T areas in difficult conditions: dust and pollution, over
proper.tles U’ T’, 'e, iz 1) (e 8.55 1 M, R: dust, night cloud phase snow/ice, and in the presence of optically thin clouds.
pixels identified as cloudy ' .
6.72 1 M, R: polar cloud mask, night R: Enable cloud optical properties over wider range of
7. Improve information on cloud vertical structure and
13.34 1 M, R: polar night, CO2 slicing layering.
M, R: land aerosols (w/0.469 um ch), detection
213 1 (iR o Gl (©3)
& T over snow, Re
0.469 1 M: land aerosols (w/2.13 um ch) Further support enhancements listed in C2. May be
some overlap in information content in C1 + C2
0.858 1 M: clouds over ocean iz,
0.469 1
0lEAS i - N2BB regression coefficients are derived separately
! sw for each imager+CERES combination on a given
0.858 1
To infer clear-sky TOA fluxes from A a - Monthly regional NBZB_B bias corrections are derived
partially cloudy CERES footprints in from clear CERES footprints.
order to supplement clear-sky 6.7 1
fsam:::IEl;gESfr;)mtcc{mtple;:Ichl:;l:\- 855 1 - NB2BB bias corrections are used to adjust imager-
ree oterzel ACLY ’ based TOA fluxes to remove NB2BB error.
11.03 1 Lw
12.02 1
14.2 1
U= i Clear-sky land ADM scene identification
0.858 1
ey 1 Clear-sky sea-ice ADM scene identification
0.858 1
To infer instantaneous clear-sky 0 a
SW TOA fluxes using ADMs :
0.55 1
S e Clear-ocean ADM aerosol classification
0.87 1
1.24 0r 2.13 1
0.645 1
0.858 1 Also used for NB2BB conversion to dervie BB radiacnes|
Clear-sky snow and ice identification over a clear portion of partly clear footprints for land,
1.64 1 snow, and ice surfaces
To derive surface albedo over land,
snow and ice surfaces from partly 3.792 1
cloudy CERES fotprints. Used as
input for surface radiative flux 11.03 1 Clear-sky snow and ice identification
calculations.
0.469
NB2BB conversion to dervie BB radiacnes over a
0.55 1 clear portion of partly clear footprints for land,
snow, and ice surfaces
124 1
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Appendix A History of Satellite ERB Measurements at NASA and NOAA

The history of satellite Earth radiation budget measurements at NASA and NOAA can be
traced back to the WFOV radiometers on NASA Explorer 7 satellite, which was launched into orbit
on October 13, 1959. Numerous satellite missions, carrying the WFOV nonscanning and/or NFOV
scanning (i.e., scanner) radiometers, were followed to measure the Earth radiation budget from
space. This appendix highlights these missions.

A.l First Generation Mission: NASA Explorer 7 WFOV Radiation Budget Detectors

In October 1957 the Soviet Union placed the world’s first artificial satellite, Sputnik 1, in
orbit, resulting in the ‘Space Race’. NASA Explorer 7 satellite was put in space in 1959 with a set
of detectors for measuring radiation from Earth. This experiment by Vern Suomi was the first
instrument to study weather and climate from space.

The instrument consisted of two pairs of hemispherical sensors mounted on opposite
sides of the spacecraft. The matching hemispheres on opposite sides of the spacecraft effectively
constituted a sphere which was thus insensitive to the orientation relative to Earth. One of each
pair was black and the other was white. The black sensors absorbed all radiation and the white
sensors reflected most of the reflected solar radiation but absorbed most Earth-emitted
radiation, or outgoing LW radiation OLR. From these measurements the reflected solar radiation
and OLR could be retrieved.

The measurements clearly showed patterns of clouds and of clear sky, and variations of
albedo and OLR over the Earth. Although primitive, these early results demonstrated the
possibility of Earth radiation measurements from satellites.

A.2  Second Generation Mission: Flat Plate WFOV Radiometers on ESSA Satellites

In the second half of the 1960’s the Environmental Science Services Administration
(ESSA), which became NOAA, flew a series of satellites. These space crafts were in Sun-
synchronous orbits and flew in cartwheel manner, i.e. with the spin axis normal to the orbit plane.
The ESSA-3, -5, -7 and -9 spacecraft each carried a Low Resolution Infrared instruments. This
instrument consisted of a pair of flat plate radiometers on the equator of the spacecraft on
opposite sides. Each pair had a black flat plate radiometer and a white flat plate radiometer. The
black radiometer measured the total radiation from Earth, i.e. the reflected solar radiation flux
and the outgoing LW radiation flux. The white plate reflected most reflected solar radiation and
absorbed most outgoing LW flux. The two types of radiation could be separated by the analysis,
so that although the instrument was labeled as an Infrared instrument, it did give information
about albedo.

While the data were available at the National Space Science Data Centre, there was no
operational plan to analyze these data. These data were used mostly for basic research purposes.
For example, Weaver and House (1979, NASA-TP-1402) analyzed radiometer data from ESSA 7
for September 1968 through February 1969. They developed analyses for retrieving the reflected
solar radiation and OLR at the spacecraft, for calibrating the instruments in orbit and taking into
account degradation of the absorbing surfaces of the radiometers, and computing shape factors
for the hemispheres on a satellite spinning in a cartwheel manner. Due to resolution of the
measurements and spatial sampling limitations they computed monthly-mean 10° zonal
averages of reflected solar radiances and OLR. They also noted large longitudinal variations in the
Tropics. Vonder Harr and Suomi (1969, 1971) used thirty-nine months of WFOV measurements
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from the first generation TIROS IV and second generation Nimbus Il and ESSA Il satellite to
determine the mean annual planetary albedo of 29%. They also analyzed the latitudinal
distribution of SW and LW radiation for the first time and compared these with pre-satellite
estimates from London (1957). The observations showed that Earth was warmer and darker than
previously thought, especially in the Tropics. As a result, approximately 40% more energy needed
to be transported poleward by the atmosphere and ocean circulations compared to pre-satellite
estimates.

A.3  Second Generation Mission: ERB Information Extracted from Scanners of Opportunity

To answer other needs for radiation budget data, data products were generated using
scanners designed for other uses. The National Environmental Data Information Service (NESDIS)
of NOAA has produced monthly mean heat budgets from 1974 to the present. These data are
reflected solar radiation flux and OLR flux and are derived from the narrowband visible and
infrared channels of the scanning radiometer SR of the NOAA- 3 and NOAA-5 from 1974 through
1978 and since then from the Advanced Very High Resolution Radiometer (AVHRR). Maps of 2.5
degree resolution are produced for monthly, seasonal and decadal periods.

The Nimbus 2 and 3 spacecraft carried the Medium-Resolution Infrared Radiometer
(MRIR) experiment, which measured radiation emitted by and reflected from the Earth and its
atmosphere in five selected wavelength intervals from 0.2 to 23 micrometers. Four channels
measured infrared radiation from 6.5 microns to 23 microns and the fifth channel measured the
reflected solar radiation from 0.2 to 4 microns. Earth radiation budget information was extracted
from these Nimbus 2 and 3 measurements (Raschke and Bandeen, 1970; Raschke et al. 1973).
A.4  Third Generation Mission: Earth Radiation Budget (ERB) Project

The Earth Radiation Budget (ERB) project was conducted by the Satellite Meteorology
Laboratory of NOAA. The instrument (Smith et al. 1977; Jacobowitz et al. 1984) consisted of a
biaxial scanning radiometer with four LW channels and four SW channels, a set of WFOV
radiometers, and several solar-viewing radiometers. The biaxial scanning feature was to measure
outgoing LW and reflected solar radiances from the Earth in all directions so as to construct
bidirectional reflectance functions of the anisotropic radiances. The instrument was built and
calibrated by Gulton Industries, except for the WFOV and solar-viewing radiometers, which were
built and calibrated by the Eppley Laboratory. One ERB instrument flew on the Nimbus 6
spacecraft and another on Nimbus 7. Both the Nimbus 6 and 7 were placed in Sun-synchronous
orbits with ascending nodes at noon so the data covered the Earth.

The scanning radiometer operated in several biaxial modes which were designed to
gather data with which to develop Bidirectional Reflectance Distribution Functions (BDFRs), for
describing the anisotropy of the radiances from the Earth in order to compute fluxes. These
BDRFs (Taylor and Stowe 1984; Suttles et al. 1988, 1989) were to be used also in future projects
for measuring Earth radiation budget, in particular ERBE, ScaRaB and CERES. Because of the scan
patterns and the large footprint size of the measurements, measurements from the scanner were
used to produce monthly-mean maps of reflected solar fluxes and outgoing LW flux with 4.5°
equal-area resolution. The scanning radiometer on Nimbus 6 operated for a month, September
1975. The scanning radiometer on Nimbus 7 operated from November 16, 1978 to June 20, 1980
to generate the data needed for BRDFs.
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The WFOV radiometers measured the flux at spacecraft altitude and had a field of view
from nadir to the limb of the Earth in all directions. The orbit altitude of Nimbus 6 and 7 was
about 1100 km and 950 km, respectively, with a field of view size between 1.5 to 2 thousand km.
Measurements from these radiometers were processed by use of shape factors to make monthly-
mean maps of albedo and OLR. Because of the large FOV and the temporal and spatial sampling,
these maps had a resolution of 10°.

The Nimbus 7 ERB and other instruments gave an unprecedented view of the entire
Pacific Ocean. For the first time, the movement of the inter-tropical convergence zone could be
seen and related to the southern oscillation and the relation to the El Nino, known by Peruvian
fishermen for centuries was recognized.

The WFOV radiometers on Nimbus 6 gave data from July 1975 through June 1978. The
ERB instrument data on Nimbus 7 consisted of data from November 1978 to October 1987. These
ERB WFOV data provided the first high quality global coverage by radiometers designed for
broadband measurements. These data over the period month 1975 through October 1987, with
missing months from July to October 1978 and in May 1986, to begin the Earth Radiation Budget
CDR.

A.5 Fourth Generation Mission: ERBE Project

ERBE was developed on the basis of the recommendations of the National Academy of
Sciences and a new start was funded in 1978. The project would continue the Earth radiation
data record begun by the ERB project and attempt to resolve issues which ERB had raised. These
issues included the requirement to calibrate all sensors and the need for a method to compute
the daily-mean fluxes for a region on the basis of limited observations during the day (usually
two). The WFOV radiometers were put in a separate package in order to calibrate them in orbit.
Active cavity radiometers were used for the WFOV detectors. A set of scanning and WFOV
radiometers was flown on three spacecraft: operational meteorological spacecraft NOAA-9,
NOAA-10 and a dedicated spacecraft, the Earth Radiation Budget Satellite ERBS (Harrison et al.,
1983).

NOAA 9 went into an orbit with ascending node of 0230 hours in December 1984 and the
contamination covers of the ERBE instruments were opened in February 1985. The scanning
radiometer provided measurements until January 1987 and the WFOV radiometers operated till
1992. NOAA 10 was placed in orbit in September 1986 and the ERBE radiometers began making
measurements of Earth radiation in January 1987. The scanning radiometer stopped working in
May 1989 and the WFQOV continued until 1995. Information about the diurnal cycle of radiation
is needed to compute the daily-mean radiation over any given region. To get this information,
the ERBS was placed into an orbit with 572 inclination so as to precess through all local times in
a 72 day period. The scanner aboard ERBS operated for five years, ceasing operation in February
1990 and the WFOV gave data until October 1999, to provide a 15-year CDR with one instrument.
In October 1999 a calibration procedure during which the radiometers were rotated to view the
Sun as a calibration source, the radiometers did not return to the nadir viewing position, but
remained tilted. The tilt angle was computed and an algorithm was developed to retrieve SW flux
from the WFOV. The nonscanner provided five more years of data and was turned off in August
2005.
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Data from the ERBE scanning radiometers were used to produce daily maps of Earth
radiation with a resolution of 2.52. The WFOV measurements were processed by use of shape
factors to generate monthly-mean maps with 102 resolution.

ERBE data were used to demonstrate that the net effect of clouds is to cool the Earth
(Ramanathan et al., 1989). Measurements from the scanner aboard the precessing ERBS were
used to define the diurnal cycles of OLR and albedo (Harrison et al., 1988, Smith et al., 2003;
Rutan et al., 2014). Minnis et al. (1992) used WFOV data to compute the effects of the eruption
of Mount Pinatubo on albedo and OLR and demonstrated there was a net cooling effect of the
aerosols thrown into the stratosphere. WFOV data was also used to study decadal variability of
tropical mean earth radiation budget (Wielicki et al., 2002 and Wong et al., 2006).

A.6  Fifth Generation Mission: Clouds And Earth Radiant Energy System (CERES) Project

The CERES project continued the radiation budget data record after ERBE and CERES
instruments are currently operating. The primary goal of the CERES project is to produce high
quality Earth radiation budget data set at TOA, surface, and at various levels within the
atmosphere. A secondary objective was to collect measurements from which improved models
of bidirectional reflectance functions BDRFs of scenes over the Earth could be developed so as to
improve the accuracy of fluxes computed from measured radiances. At this time, researchers
wanted improved spatial resolution, so the CERES data products would have 12 resolution. This
in turn required the instrument have a smaller field of view. Also, greater accuracy was
demanded, which required improved calibration on ground and in-orbit. The CERES instrument
was designed as an upgrade of the ERBE scanner. To make measurements needed for improved
BDRFs, the CERES instrument was designed to rotate in azimuth so as to measure radiances in all
directions as had been done by the ERB instrument and greatly expand that data base. The WFOV
nonscanner was not included in the CERES mission due to its inability to accurately determine
the instrument offset in space as learned from the ERBE mission.

The Proto-Flight Model of CERES was put in orbit on the Tropical Rain Measurement
Mission TRMM in November 1997. It operated for eight months, at which time an electronic
component began to malfunction. The instrument was turned off in September 1998. During this
time data were collected for comparing with the ERBE nonscanning radiometers, thus giving
overlapping data to provide continuity of the ERB CDR. Two CERES instruments, Flight Models 1
and 2 were placed on the Terra spacecraft, one to map the geographic distribution of radiation,
and the other to map the directional distribution of radiance. Terra is on a 10:30 am morning
orbit. These instruments began operating in February 2000 and currently continue to work with
no problems after more than 16 years. The Proto-Flight Model aboard TRMM was turned back
on in March 2000 so as to give data with which to compare with FM-1 and -2. CERES Flight Models
3 and 4 were included on the Aqua spacecraft to measure radiation in the afternoon. Aqua is on
a 1:30 pm orbit. These instruments started Earth observations in June 2002. FM-3 continues to
work well after more than a decade. The SW channel of FM-4 ceased to function after 2.75 years.
CERES FM-5 was placed in orbit in October 2011 aboard the Suomi/NPP spacecraft and began
measuring the Earth in January 2012. The last copy of CERES instrument (Flight Model 6) was
placed in orbit in November 2017 aboard the JPSS-1 spacecraft and began measuring the Earth
in January 2018. Suomi/NPP and JPSS-1 are both on a 1:30 pm orbit.

The 18 years of measurements from CERES aboard Terra and 16 years of measurements
from Aqua have been used to generate robust radiation fluxes at the top of the atmosphere TOA,
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at the surface and within the atmosphere. The scientific requirements for greater accuracy of the
measurements have been tightened to 1% for reflected solar radiances and OLR.

A successor to the CERES instrument is now being considered. It is intended to fly with a
launch readiness date of 2026.

Appendix B CERES Radiation Budget Measurements Description

This appendix provides an overview of the CERES instruments, data products and
algorithms generated by the RBSP. The ERB data products are produced at multiple levels from
the TOA to the surface, but we focus here on TOA only and refer to papers by Rose et al. (2013),
Rutan et al. (2015), Kato et al. (2013) and Kratz et al. (2010) for further information about CERES
surface radiation products. A key advance of CERES over previous ERB datasets is extensive use
of coincident higher spatial resolution spectral imager measurements on both low-Earth orbit and
geostationary platforms. These instruments enable a host of other variables describing cloud,
aerosol and surface properties to be retrieved alongside CERES radiative fluxes. CERES has an
integrated instrument/algorithm/validation science team that is responsible for monitoring the
health of the CERES sensors, provide calibrated radiances (Level 1), instantaneous (Level 2) and
temporally and spatially averaged (Level 3) data products, perform validation, and enable
scientific investigations using the CERES data. The CERES CDRs account for the regional and
global diurnal cycle of radiative fluxes and include coincident cloud, aerosol, surface, and
meteorological properties so that changes in the ERB and climate system components can be
investigated in an integrated manner.

Figure 2.3 provides the CERES data processing flow diagram, listing the algorithm steps
and ancillary input data needed to produce the CERES TOA radiation data products. The CERES
data products are divided into processing levels, defined in Table 4-1. In the following sections we
will describe the CERES instruments, their calibration, and briefly discuss the algorithm steps and
ancillary input data used to produce the CERES data products.

B.1  CERES Instruments

The CERES instrument (Figure B1) is a 3-channel scanning radiometer that uses precision
thermistor bolometer detectors to observe radiation between 0.3 and 200 um (TOT channel), 0.3
and 5 um (SW channel), and 8 and 12 um (WN channel) (Wielicki et al., 1996). Table B-5-2
provides the instrument characteristics for CERES instruments aboard the Tropical Rainfall
Measuring Mission (TRMM), Terra, Aqua, and Suomi National Polar-orbiting Partnership (SNPP)
satellites. The characteristics are for CERES FM6 on NOAA-20 are the same as those for CERES
FMS5 on SNPP except that the WN channel is replaced with a LW channel. Each channel has a
Cassagrain telescope that houses the detector, primary and secondary mirrors, and forward and
rear filters (Figure B2). The detector lies behind a hexagonal field stop that determines the 1.3° x
2.6° field-of-view (FOV), which is approximately a factor of 2 smaller than ERBE. The 3 CERES
telescopes are coaligned so that they have a 98% common field of view. The mirrors are silver
coated, providing spectrally flat response functions, except between 0.3—0.4 um, where there is a
sharp decrease in spectral response. Because the CERES scanning radiometer has a finite response
time, it has a PSF that describes the response of the radiometer to a point source of radiation from
a given direction (Smith, 1994). The PSF characteristics are determined by the shape of the field
stop, time response of the detector (8 ms), and signal conditioning circuit.

The CERES channels are coaligned and mounted on a spindle that rotates about the
elevation axis. Every CERES scan takes 6.6 s and involves a scan from space beyond the Earth
limb, across the Earth to space on the opposite side, a pause at the internal calibration source, and
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a scan back across the Earth to space on the other side (Wielicki et al., 1996). CERES instruments
can be commanded from the ground to scan in different modes. In crosstrack mode, the scan is
perpendicular to the ground track so that spatial sampling is optimized, providing global coverage
daily. This is the primary mode used to produce CERES Level-3 gridded data products. The
CERES rotating azimuth plane (RAP) scan mode relies on the instrument’s azimuthal axis drive
system to optimize angular sampling. When in RAP mode, the instrument scans in elevation as it
rotates in azimuth, thereby acquiring radiances over a range of viewing zenith and relative azimuth
angle combinations. CERES RAP data are needed in order to construct CERES ADMs, described
in Section B.3.4. CERES can also be placed in alongtrack mode in order to acquire measurements
of a target from multiple viewing zenith angles. Finally, in the programmable azimuth plane (PAP)
mode, the CERES angular sampling is commanded from the ground by uploading instructions to
the instrument to acquire multiangle measurements for specific scientific experiments (e.g., field
campaigns, intercalibration with other instruments, etc.).

Base Main
Electronics

Pedestal

Azimuth
Axis
MAM Baffles
Alignment Elevation
Cube Axis

Sensors
Total, Longwave, Shortwave

Figure B1 CERES scanning radiometer.
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Table B-5-2 CERES instrument characteristics for TRMM, Terra, Aqua and SNPP missions.

TRMM
(PFM)

Terra
(FM1, FM2)

Aqua
(FM3, FM4)

SNPP
(FMS5)

Sun-synchronous,

Sun-synchronous,

Sun-synchronous,

Orbit 35° inclination | near polar, 10:30 am | near polar, 1:30 pm | near polar, 1:30 pm
descending node ascending node ascending node

Altitude (km) 705 705 705 824

Spatial Resolution (km) 10 20 20 24

Spectral Channels

Shortwave: 0.3 - 5.0 um; Window: 8 - 12 um; Total: 0.3 - 200 um

Swath Dimensions

Limb to limb

Angular Sampling Cross-track scan and 360° azimuth biaxial scan
Duty Cycle (%) 100

Mass (kg) 45

Power (W) 45

Data Rate (kbps) 10

Size (cm) 60 x 60 x 70 (deployed)

Design Life (years) 6

Forward Filter

Reflector Cap

Support Plate

Forward Baffle

Secondary Mirror

Figure B2 Cross-section of CERES telescope.
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B.2 Instrument Calibration

B.2.1 Ground Calibration

Prior to launch, the CERES instruments underwent extensive ground calibration at a
radiometric calibration facility (RCF) located at Northrop Grumman Aerospace Systems (formerly
TRW Space and Technology Group) in Redondo Beach, California (Lee et al., 1998). It is during
ground calibration that the CERES instruments are traced to absolute standards. The RCF is a
calibration vacuum chamber that simulates the space environment. The CERES instrument is
placed on a carousel that can be rotated and moved vertically so that it can be calibrated against
different reference sources (Figure B3). These include cryogenically cooled blackbodies for LW
calibration, a SW reference source, a cold space reference source, a PSF measurement source, a
constant radiance reference source to test for scan-dependent variations, and a solar simulator to
emulate solar calibrations. The absolute calibration for the TOT and WN channels is performed
using a NFOV Blackbody (NFBB), tied to the International Temperature Scale of 1990. The
blackbody source along with a Transfer Active Cavity Radiometer (TACR) is used to calibrate the
Shortwave Reference Source (SWRS), which in turn brings the SW channel to the same calibration
reference. The sensor responsivity is determined using the on-board sources during the pre-launch
calibrations. CERES goals for absolute calibration of radiance are 0.5% for LW and 1% for SW.
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Figure B3 CERES radiometric calibration facility.
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B.2.2 In-Flight Calibration Changes

Because all Earth-viewing satellite instruments experience a loss of measurement
sensitivity with time (e.g., due to UV exposure, molecular contamination, etc.), the instrument
needs to be monitored using a combination of the instrument’s onboard calibration subsystem and
vicarious calibration methods to detect, quantify and correct for changes in instrument sensitivity
throughout the mission so that subtle changes in the climate system can be unambiguously
detected. The accuracy and stability of the CERES CDR rests upon the ERB science team’s ability
to accurately calibrate the instruments and remove artificial instrument drifts. The primary in-flight
calibration systems used to detect drifts in CERES sensor gains are the Internal Calibration Module
(ICM) and the Mirror Attenuator Mosaic (MAM) (Lee et al., 1992; Priestley et al., 2000, 2011).
The ICM consists of two blackbody calibration sources for the TOT and WN sensors and a
Shortwave Internal Calibration Source (SWICS) for the SW sensor. The blackbodies operate at
temperatures of 295K, 305K and 315K, and are monitored by a platinum-resistance thermometer.
The SWICS consists of an evacuated quartz tungsten lamp operating at three discrete current levels
producing spectra equivalent to 2100 K, 1900 K and 1700 K brightness temperatures. The
radiometers observe the ICM in every normal cross-track elevation scan. Monthly gains are
determined from ICM calibrations performed weekly, and a 5-month running mean is used to
reduce noise. Figures B4a-e show the FM1-FMS5 internal calibration results. The total channel
response to LW radiation has gradually increased with time for all five instruments. The increases
relative to the beginning-of-mission are 0.6% for FM1, 0.7% for FM2, 0.7% for FM3, 1% for
FM4, and 0.4% for FMS5. The SW channel response changed only slightly for FM1 (<0.1%), while
for FM2 the change is approximately -0.4%, and for FM3 it is 0.4%. There was an increase of
about 0.6% for the FM4 SW sensor through April 2005, when it failed prematurely. The FM5 SW
channel response decreased by 0.2%. The window sensor gains show an increasing trend for four
of the instruments except FM3, which shows a decrease with time. These instrument calibration
drifts were observed over 13 years and are very small. These calibration drifts are removed when
applying the calibration gain.

The MAM is a solar diffuser plate used for calibrating the shortwave sensor and the total
sensor. It consists of a baffle to block stray light and a nickel substrate with aluminum coated
spherical divots that attenuate and redirect the solar radiation into the field of view of the sensors.
For CERES instruments on Terra and Aqua, the MAM coatings degraded in orbit and therefore
were not used (Priestley et al., 2011). For SNPP, the MAMs are performing nominally thus far.

B.3 Instantaneous Clouds and Radiation: Single Scanner Footprint (SSF) Product

Once the CERES measurements have been calibrated, the next step in the CERES
processing system is to produce the Level-2 Single Scanner Footprint (SSF) data product. The SSF
consists of CERES viewing geometry and radiances, TOA and surface radiative fluxes, imager
aerosol and cloud properties (see Section B.3.2), surface type information, solar irradiance, and
meteorological data from reanalysis. SSF is a key input to higher-level CERES data products and
is also extensively used by the research community in process study research (e.g., especially
research on aerosol-cloud-radiation interactions). The following subsections provide a brief
overview of the steps used to create the CERES Level-2 SSF product.
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Figure B4 On-orbit sensor gain trends for CERES FM1 — FM5 instruments.

B.3.1 Unfiltered Radiances

The gain coefficients (Figure B4) convert CERES output voltages from digital counts to
filtered radiances, which represent the radiation that is filtered through the instrument optics. To
correct for the imperfect spectral response of the instrument, filtered radiances are converted to
unfiltered radiances, which correspond to radiation received by the instrument prior to entering the
optics. It is the unfiltered radiances that are converted to radiative fluxes in the CERES processing
system. The unfiltering process involves applying an algorithm that relates unfiltered and filtered
radiances based upon knowledge of the instrument SRF and a spectral radiance database
representative of Earth scenes (Loeb et al., 2001). Shankar et al. (2010) re-evaluated the ground
calibration data collected prior to the CERES Terra and Aqua launches and derived new pre-launch
gains and SRFs for each CERES instrument using spectral measurements collected using a Fourier
Transform Spectrometer (FTS) system along with the blackbody calibration data. Figure BS
provides CERES SRFs for the FM1 instrument. The SRFs are spectrally flat over most of the
spectrum except between 0.3-0.4 um, where there is a sharp decrease. The shape is characteristic
of silver coated primary and secondary mirrors.
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B.3.2 Imager-Derived Properties

The availability of imager measurements coincident with CERES helps increase the
accuracy of CERES TOA fluxes, improves clear-sky scene identification used in determining
cloud radiative effect (CRE), enables surface fluxes to be computed, and provides cloud, aerosol
and surface skin temperature retrievals for attribution studies involving CERES radiative fluxes.
CERES has flown with the Visible and Infrared Scanner (VIRS) on TRMM, the Moderate-
resolution Imaging Spectrometer (MODIS) on Terra and Aqua, and the Visible/Infrared
Imager/Radiometer Suite (VIIRS) on SNPP. Aerosol properties in the CERES SSF are produced
at NASA Goddard Space Flight Center based upon Remer et al., (2008), Levy et al., (2007), and
Hsu et al., (2004). The algorithms developed for MODIS are now being extended to VIIRS on
SNPP. The CERES team determines cloud properties and surface skin temperatures directly from
imager pixel data based upon Minnis et al. (2011). As a radiation budget project, CERES requires
cloud retrievals even for the most challenging cases (e.g., near cloud edges, complex multilayer
cloud conditions, etc.), which is not a common feature of cloud property datasets (Stubenrauch et
al., 2013). CERES cloud algorithm changes are closely coordinated with higher-level data product
algorithm changes in order to minimize sudden discontinuities in the CERES record. Also, in order
to minimize the effects of algorithm shock, CERES imager-derived properties are designed to
work in a consistent manner across multiple platforms (Terra, Aqua, SNPP, 20 geostationary
visible/infrared imagers).

Pixel imager-based cloud property retrievals include cloud boundaries, phase, optical
depth, effective particle size, and condensed/frozen water path. In the latest version of CERES
SSF (Edition4), improvements to the CERES cloud algorithm (Minnis et al., 2010) include the
following: changes to the cloud mask that result in better agreement with the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO); a new ice crystal reflectance model
based on rough hexagonal columns; implementation of a combined 1.38-um reflectance and
infrared technique that extends the range of cirrus optical depth retrievals to below 0.3; a multilayer
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cloud detection and retrieval scheme; new clear-sky and surface albedos for the 0.65, 1.24, and
2.13-um channels to enable cloud effective radius retrievals in all three channels; a new scheme
for improved retrievals of low cloud heights based upon matched MODIS and CALIPSO data
(Sun-Mack et al., 2014), new cloud thickness parameterizations from matched MODIS,
CALIPSO, and CloudSat data; a new cloud-top-height technique for more accurate height
assignments for optically thick ice cloud.
B.3.3 Convolution

Convolution involves the process of merging multiple datasets and averaging them over
individual CERES footprints. In order to do this accurately, one must account for the instrument’s
PSF, which provides the weight each pixel value receives in the averaging process. The PSF of a
radiometer describes the response of the radiometer to a pencil of radiance from a given direction
(Smith, 1994). For a scanning radiometer, the effect of the time response of the detector on the
PSF must be considered when the sampling rate is comparable to the response time of the detector.
In addition, the signal is usually filtered electronically prior to sampling in order to attenuate
electronic noises and to remove high frequency components of the signal, which would cause
aliasing errors. The time responses of the detector and filter cause a lag in the output relative to
the input radiance, so that the time response causes the centroid of the PSF to be displaced from
the centroid of the optical FOV (Figure B6). In addition, the time response also increases the width
of the PSF. Thus, the signal as sampled is coming not only from where the radiometer is pointed,
but includes a “memory” of the input from where it had been looking (Green and Wielicki, 1996).
If we define x as an imager radiance or cloud property, the weighted average value of x over a
CERES footprint is given by:

7= Jzoy P(8,8)x(8,8)cossdpds B1)
Sy P(8.8)cossdpds

where § and 8 are the angular coordinates of a point in the CERES FOV. The PSF P(§, 8) provides
the weight assigned to x within the FOV and is defined and discussed in detail in Green and
Wielicki (1996) and Smith (1994).
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Figure B6 CERES field-of-view.
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B.3.4 Radiance-to-Flux Conversion

As a scanning radiometer, CERES measures radiances whereas it is radiative fluxes that
are needed for scientific investigations. The radiance-to-flux conversion is produced using
empirical ADMs. For a given scene type, an instantaneous flux is inferred from an unfiltered
radiance as follows:

_ ”1(90'914))
F(6,) = R (806.6) (B2)

where F is the flux, / is the unfiltered radiance, 0y is the solar zenith angle, 6 is the viewing zenith
angle, and ¢ is the relative azimuth angle between the satellite and solar plane, R;is the anisotropic
factor for scene type j. R provides a measure of how much a given scene type deviates from an
isotropic surface (R=1) in a particular viewing geometry. A commonly used approach for
constructing ADMs 1is the so-called sorting-into-angular bins method (Suttles et al., 1988),
whereby measured radiances are sorted and averaged into discrete angular bins for individual scene
types. Ideally, the ADMs are constructed using multiple years of observations acquired over a wide
range of viewing geometries. The mean radiances (I) are then integrated over the upwelling
hemisphere to produce a mean ADM flux (F). The anisotropic factors (R) for scene type j are then
calculated as:

”i](90'9'¢) _ ”i](90'9'¢)

27 [T 1,(60,0,¢)cosOsin0dbdp  Fi(00.0.4)

R;(6,,6,¢) = (B3)

Prior to CERES, ADMs were developed for the ERBE for 12 scene types (Suttles et al.,
1988; Smith et al., 1986) determined using the maximum likelihood estimation (MLE) technique
applied to observed SW and LW radiances (Wielicki and Green, 1989). Following the launch of
CERES on TRMM, new ADMs were developed for hundreds of scene types with much improved
angular resolution (Loeb et al., 2003). This is accomplished by using the CERES RAP mode.
Another major advance is in scene identification—the CERES ADMs are based upon coincident
imager retrievals for scene information within CERES footprints. The variables used to define
CERES ADM scene types are selected based upon their influence on anisotropy. They include
cloud fraction, cloud optical depth, cloud phase, cloud effective temperature, wind speed, surface
type, snow and ice coverage, sea ice brightness, etc. CERES TRMM ADMs were developed using
9 months of CERES and VIRS data. This set of ADMs represents a much improved anisotropy
characterization compared to those used during ERBE. Loeb et al. (2005) developed ADMs for
CERES instruments on Terra and Aqua using cloud properties retrieved from MODIS for scene
identification (Minnis et al., 2011). More recently, Su et al. (2015a) updated and improved upon
these based upon lessons learned from extensive validation efforts. The Su et al. (2015a) ADMs
rely on an updated cloud algorithm for scene identification (Edition 4). In addition to using the
sorting-into-angular bins method for developing ADMs, the CERES Terra and Aqua ADMs are
also derived using analytical functions when appropriate to characterize the anisotropy over some
scene types. SW anisotropy is a strong function of 8y, 8, and ¢, and therefore the SW ADMs are
developed as a function of all these three variables. The LW/WN anisotropy is generally a weak
function of 8y and ¢, and thus LW/WN ADMs are developed only as a function of 8. One exception
is over clear land where shadowing by vegetation and rough terrain produces a heterogeneous
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distribution of surface temperatures, resulting in a stronger dependence on ¢ compared to flat
surfaces (Minnis et al., 2004).

Figures B7a-b show anisotropic factors as a function of viewing zenith angle for liquid
water clouds with three In(ft) values and for different cloud phases with In(f1)=6 (f is the
percentage cloud fraction and 7 is the cloud optical depth). Here, 6y=44-46° and ¢ corresponds to
the principal plane (forward and back scatting directions correspond to positive and negative
viewing zenith angle values, respectively). Anisotropic factors are highly sensitive to In(ft) within
approximately 20° of nadir and at the oblique viewing zenith angles, particularly in the forward
scattering direction (Figure B7a). The liquid and mixed clouds exhibit well-defined peaks in
anisotropy due to cloud glory and rainbow features, while ice clouds exhibit peaks in anisotropy
in the specular reflectance direction (Figure B7b). For cloudy scenes with In(ft)=6, R is about 0.8
for nadir viewing geometry, so by assuming these clouds are isotropic would result in a 20%
underestimation in SW flux. Similarly, for an oblique viewing geometry (6=63°), R is about 1.5.
Here the isotropic assumption would lead to a 50% overestimation in SW flux. Figure B8 shows
an example of LW anisotropic factors over cloudy ocean for thick (solid line) and thin (dashed
line) clouds. The LW anisotropic factors decrease as the viewing zenith angle increases, often
referred to as limb darkening. LW anisotropy is more pronounced for thinner clouds because the
contribution from the warm ocean surface transmitted through the cloud at nadir is attenuated
rapidly with viewing zenith angle. Thicker clouds are opaque to radiation from the surface at all
viewing zenith angles. When the cloud-top is in the upper troposphere, there is relatively little
attenuation, resulting in a more isotropic ADM.

These examples clearly show that Earth scenes are far from isotropic and without accurate
quantification of the unique anisotropic characteristics of each scene type, large errors in the
Earth’s radiation budget will occur. Figures B9a and B9¢ show the annual mean TOA SW and LW
fluxes derived using the CERES ADMs, respectively, together with the corresponding differences
obtained when one assumes the scenes are isotropic (Figure B9b and B9d). The annual mean
CERES SW flux is 98.9 Wm™. If we use the isotropic assumption, it reduces to 94.8 Wm™.
Regionally, reductions of up to 20 Wm over the polar region and slight increases over the tropical
land regions are observed. For LW flux, the annual mean increases from 238.9 Wm>to 241.5 Wm-
2 if we use the isotropic assumption. The LW difference is more uniform compared to SW, with
the largest positive bias occurring in the Saharan desert. The meridional stripes seen in the LW
difference plot are related to the large viewing zenith angles at the edge of the cross track swaths.
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Figure B9 Annual mean TOA SW flux derived using CERES ADMs (a), annual mean difference between SW flux
derived assuming isotropic surfaces and using CERES ADMs (b), (c) and (d) are the same as (a) and (b)
but for TOA LW flux.

B.4  Temporally and Spatially Averaged CERES Data Products

While CERES instruments aboard Terra, Aqua, SNPP and NOAA-20 provide global
coverage daily, they do so from a sun-synchronous, near-polar, circular orbit. Consequently, if one
were to simply globally average the instantaneous SW and LW TOA fluxes, the average would be
incorrect. In that case, Polar regions would receive too much weight in the average relative to their
areal coverage, and radiative flux changes between CERES observation times would go
unaccounted for. To overcome this problem, the CERES TOA fluxes undergo a series of steps to
produce spatially gridded and time interpolated TOA fluxes (Figure 2.3). CERES instantaneous
TOA fluxes and imager cloud properties from the SSF product are first averaged onto a uniform
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nested 1° equal-area grid and sorted and averaged into hour boxes. These gridded instantaneous
properties are provided in the SSF1deg-Hour product. To determine radiative fluxes in hour boxes
in which there are no CERES observations, two separate time-interpolation approaches are used
in CERES processing system. The SSFldeg and SYNldeg time-interpolation approaches are
briefly discussed in the following subsections and a more in-depth description is in Doelling et al.
(2013). After the radiative fluxes have been gridded and time-interpolated, global averages can be
computed that have the correct temporal and spatial weighting.

B.4.1 SSF1deg Stream

Time interpolation for the SSF Stream (Figure 2.3) assumes scene properties between
CERES observations times remain invariant throughout the day. SW TOA fluxes are determined
by accounting for albedo changes with solar zenith angle using scene dependent empirical diurnal
models of albedo, or “albedo directional models”. The albedo directional models corresponding to
the scenes within a given gridbox at the CERES observation time are used together with the
observed albedos to determine TOA fluxes during other times of the day or until the next CERES
observation time. The CERES directional models are based upon CERES TRMM ADMs for non-
polar regions (Loeb et al., 2003) and CERES Terra ADMs for polar regions (Su et al., 2015a).
Figure B10 shows examples of CERES TRMM albedo directional models for overcast liquid water
clouds over ocean. As the clouds become thicker, the directional model becomes progressively
flatter, implying a more Lambertian albedo dependence on solar zenith angle. The mean directional
model for a given gridbox on a given day is determined from imager scene information within
CERES footprints that fall within the gridbox. Albedos in other hour boxes are computed as
follows:

a(t;) = X9 q(t,) (B4)

a(to)

where a(t;) is the estimated albedo in hour box t;, a(t,) is the observed albedo at the CERES
observation time, and @(t;) and a(t,) are the albedo directional models at t; and t,, respectively.
The SW TOA flux at t; is determined from:

F(t) = a(t)Soc0s (801) (0 /) (BS)

where S, is the instantaneous TOA solar irradiance at mean sun-Earth distance, 6,; is the solar
zenith angle at t;, R, is the mean sun-Earth distance, and R is the actual sun-Earth distance on the
day of the observation. In CERES processing, S, varies daily according to observations from the
Solar Radiation and Climate Experiment (SORCE) mission (Kopp and Rottman, 2005). The daily
mean TOA SW flux is determined by averaging F (t;) over all hourboxes during the day (including
nighttime hours where the SW flux is zero).

The LW TOA fluxes in the SSF Stream are determined using a half-sine fit over land, with
a peak at local solar noon and using a constant nightly flux, and linear interpolation over ocean
and snow surfaces (Young et al., 1998). This methodology of time interpolation is referred to as
the CERES-only (CO) temporal interpolation method in Doelling et al. (2013). This approach is
similar to what was used in the ERBE temporal averaging algorithm (Young et al., 1998).
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Figure B10 CERES albedo directional models (diurnal albedo normalized to overhead sun) for overcast liquid water
clouds over ocean as a function of cloud optical depth ().

B.4.2 SYNldeg Stream

In the SYN1deg stream, five geostationary (GEO) imagers covering all longitudes between
60°S and 60°N are used to enable explicit regional estimates of TOA fluxes between CERES
observation times. In order for the GEO data to be used for this purpose, they undergo a number
of processing steps (Figure B11). GEO images are first screened for artifacts (e.g., bad scan lines)
using both automated techniques and visual inspection. Next, the GEO visible radiances are
intercalibrated against imager radiances at 0.65 um. This involves generating linear regressions of
coincident ray-matched imager and GEO radiances within 0.5°x0.5° latitude-longitude regions
each month and using the regression slopes to adjust the GEO radiances. Next, a cloud retrieval
algorithm is used to infer cloud properties from the GEO radiances. The cloud retrieval algorithm
applied depends on the available channels. For GEO imagers having no channel at ~3.8 um, a two
channel method (Minnis et al., 1995) is used. Otherwise, the algorithm is similar to that used by
the CERES to analyze MODIS and VIIRS (Minnis et al., 2011; Minnis et al., 2008). Next, the
GEO narrowband radiances averaged over 1°x1° latitude-longitude regions are converted to
broadband radiative fluxes using empirical narrow-to-broadband radiance and radiance-to-flux
algorithms. Finally, the GEO broadband flux estimates are normalized on a region-by-region basis
using coincident CERES TOA fluxes. This mitigates against GEO artifacts and anchors the GEO
derived broadband fluxes to CERES. Using this approach, CERES SYNI1deg products incorporate
3-hourly GEO derived fluxes and are produced at 3-hourly, daily and monthly timescales. We note
that Edition 4 uses 1-hourly GEO data to produce 1-hourly, 3-hourly, daily and monthly output.
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Figure B11 Flowchart of steps used to produce the CERES SYN1deg product.

B.5 Validation

The CERES SSFldeg product provides global coverage daily with excellent calibration
stability (Loeb et al., 2012a), but samples only specific times of the day because it relies on CERES
data, which are restricted to sun-synchronous satellite orbits. Consequently, regional mean TOA
fluxes will be in error over areas with strong diurnal cycles. This is illustrated in Figure B12, which
shows annual mean differences in SW TOA flux between CERES Terra SSF1deg and combined
CERES Terra-Aqua SYNldeg for the year 2002. In marine stratocumulus regions off the west
coasts of North and South America and Africa, SW TOA fluxes from CERES Terra SSF1deg are
too high because cloud cover is greater in the morning, when CERES Terra observes these regions.
Similarly, SW TOA fluxes from CERES Terra SSF1deg are too low in land convective regions
such as South America and central Africa because land convection typically peaks in the afternoon.
By combining the CERES Terra, Aqua and GEO products, SYN1deg provides a far more complete

59



representation of the diurnal cycle compared to SSFldeg, and therefore a more accurate
representation of the regional distribution of SW TOA flux. This is further confirmed through
comparisons between CERES SYN1deg and observations from the Geostationary Earth Radiation
Budget (GERB) instrument (Harries et al., 2005), which provides broadband radiative fluxes
between 60°S-60°N centered above the equator at 0° longitude with a time resolution of 15 min.
Doelling et al. (2013) show excellent agreement between CERES SYNldeg and GERB TOA
fluxes over a range of cloud conditions.
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Figure B12 SW TOA flux difference between SSF1deg-Terra and SYN1deg Ed3a for January 2010.

However, because GEO data are used in SYN1deg, artifacts in the GEO derived fluxes
over certain regions and time periods can cause discontinuities in the CERES record. This is
especially true in the early part of the CERES record. While the CERES team attempts to remove
most of the GEO derived flux biases by normalizing the fluxes with CERES at Terra or Aqua
observation times, spurious jumps in the SW TOA flux can still occur when GEO satellites are
replaced. Discontinuities can arise due to changes in: satellite position along the equator,
calibration and/or visible sensor spectral response, and imaging schedules. Such artifacts in the
GEOQ data can be problematic in studies of TOA radiation interannual variability and/or trends. As
an example, Figure B13a-b show regional trends in SW TOA flux for CERES SSF1deg-Month
Ed3A and SYNI1deg-Month Ed3A, respectively, for March 2000—February 2010. While the trend
patterns are similar, vertical lines corresponding to geostationary satellite boundaries are clearly
visible in Figure B13b near 30°E, 100°E, 180°E, 105°W, and 40°W. The geostationary artifacts
are more pronounced over Africa and Asia, but also show up to the east of South America.
Similarly, Figure Bl4a-b show SW TOA flux anomalies for CERES SYNIdeg-Month and
SSF1deg-Month Ed3A between 60°S-60°N and 110°E-180°E. While the SW TOA flux anomalies
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appear to track one another closely (Figure B14a), their difference reveals large discontinuities,
particularly when Multi-functional Transport Satellite (MTSAT)-1R replaces Geostationary
Operational Environmental Satellite (GOES)-9 in November 2005. A slight blurring effect was
observed for the MTSAT-1R imager visible channel, which was mitigated using a pixel PSF
correction algorithm (Doelling et al., 2015; Khlopenkov et al., 2015). The correction was included
in the SYN1deg Ed4A products. Thus, by incorporating additional information from geostationary
satellite instruments, the CERES SYNl1deg data product provides a better representation of the
regional distribution of SW TOA flux, but because of GEO artifacts early in the CERES record,
spurious jumps are observed when interannual variations are compared with SSF1deg.

Figure B13 Regional trends in SW TOA flux (Wm?2 per year) for March 2000-February 2010 from (a) SSF1deg Ed3A
and (b) SYN1deg Ed3A.
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Figure B14 (a) SW TOA flux anomalies for 60°S-60°N and 110°E-180°E between March 2000 and April 2015. (b) SW
TOA flux anomaly difference between SYN1deg and SSF1deg. The CERES data product version is Edition 3.

B.6 TOA Energy Balanced and Filled Product (EBAF-TOA)

Despite recent improvements in satellite instrument calibration and the algorithms used to
determine CERES SW and LW outgoing TOA radiative fluxes, a sizeable imbalance still persists
in the average global net radiation at the TOA (or EEI). For example, using the most recent CERES
Edition 4 Instrument calibration improvements, the SYN1deg Edition4 net TOA flux imbalance
is =4 W m, much larger than the expected mean range of =0.5-1.0 Wm (von Schuckmann et al.,
2016). Constraining the absolute value of EEI from satellite measurements is extremely
challenging. EEI is a small residual of incoming and outgoing TOA fluxes that are two orders-of-
magnitude larger. Achieving a 50% uncertainty in EEI would require the total outgoing radiation
(SW plus LW TOA fluxes) to be known to 0.2 Wm2 or 0.06%, roughly an order-of-magnitude
more accurate than present-day ERB sensors. The bias in EEI from CERES is problematic in
applications that use ERB data for climate model evaluation, estimations of the Earth's annual
global mean energy budget, and studies that infer meridional heat transports. Another limitation
problematic for studies requiring clear-sky TOA fluxes is the presence of data gaps in monthly
mean clear-sky TOA flux maps owing to a lack of cloud-free CERES footprints within 1°x1°
regions as identified by imager data. This occurs frequently over the Southern Oceans, North
Atlantic Ocean, and Amazon region (Loeb et al., 2009a). A third issue, noted in the previous
section, is that while the SYN1deg and SSF1deg data products are useful either for providing a
good representation of regional mean TOA fluxes or for tracking interannual variations, neither is
well suited to address both items.
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The goal of CERES EBAF product is to provide clear and all-sky monthly mean TOA
fluxes on a 1°x1° latitude-by-longitude equal-area grid that has a net TOA flux imbalance that is
consistent with our best estimate based upon in-situ ocean heat content measurements, provides
monthly clear-sky TOA fluxes in all regions, and provides a good representation of the regional
mean TOA flux distribution while at the same time ensuring that spurious jumps from GEO
artifacts do not impact TOA flux interannual variations. In the following subsections, we briefly
discuss how each of these three items is addressed in the CERES EBAF data product.

B.6.1 Global TOA Net Imbalance

Currently, the most accurate method of determining the EEI is by estimating the rate of
change of energy storage in the climate system (Hansen et al., 2011; Trenberth et al., 2014; Church
et al., 2011). Approximately 93% of the excess energy in the climate system ends up being stored
in the ocean (Bindoff et al., 2013), the remainder is associated with changes in ice, land, and the
atmosphere. Thus, EEI can be inferred from in-situ based observations of ocean heating rate
obtained from floats measuring vertical temperature profiles in the ocean and estimates of smaller
contributions in the atmosphere, land and cryosphere. The most complete in-situ ocean
measurements for this purpose is from the Argo network (Gould et al., 2004), which consists of
over 3,500 floats sampling temperature and salinity to a depth of 1,800 m. Despite the large number
of Argo floats, sampling errors still limit reliable estimates of EEI for time scales of less than 5
years. Loeb et al. (2012b) used 5 years of Argo data between July 2005 and June 2010 together
with estimates of other energy storage in the system to determine the EEI to be 0.58 + 0.38 Wm™.
More recently, Johnson et al. (2016) updated that analysis with 10 years of Argo data for July
2005-June 2015 and obtained an EEI of 0.71+ 0.1 Wm. An objective constrainment algorithm is
used to make a one-time adjustment to SW and LW TOA fluxes within their ranges of uncertainty
in order to anchor the CERES net TOA flux time-series to the Argo-based estimate of EEI (Loeb
et al., 2009a, 2018a). The combination of CERES and Argo provides an optimal way of
capitalizing on the strengths of satellite and in-situ measurements, as the CERES data provide the
spatial coverage and radiometric stability required to resolve higher temporal variations in EEI
(e.g., interannual), and Argo in-situ data enables a more accurate absolute value of EEL

B.6.2 Clear-Sky TOA Fluxes

In order to significantly reduce the problem of data gaps in monthly mean clear-sky TOA
flux maps due to a lack of completely cloud-free CERES footprints within 1°x1° regions, EBAF
gridbox mean clear-sky fluxes are determined using an area-weighted average of CERES
broadband fluxes from completely cloud-free footprints and imager-derived ‘‘broadband’’ clear-
sky fluxes estimated from the cloud-free portions of CERES footprints with <95% cloud cover. In
both cases, clear regions are identified using the CERES team’s cloud mask applied to imager
pixel data (Minnis et al., 2008; Trepte et al., 2002; Trepte et al., 2018). Clear-sky fluxes in partly
cloudy CERES footprints are derived using imager—CERES narrow-to-broadband regressions to
convert the imager narrowband radiances over the clear portions of a footprint to broadband SW
radiances. The imager-based “broadband” radiances are converted to radiative fluxes using
CERES ADMs (Section B.3.4). A more detailed description of the procedure for inferring clear-
sky TOA fluxes in EBAF is provided in Loeb et al. (2009a; 2018a).
B.6.3 Temporal Interpolation
(i) SW TOA Flux

To maintain the excellent CERES instrument calibration stability of SSFldeg and also
preserve diurnal information in SYN1deg, EBAF uses a new approach to convert daily regional
mean SSFldeg fluxes to diurnally complete values analogous to SYNldeg, but without
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geostationary artifacts. The idea is to apply pre-determined empirical diurnal correction ratios
(DCRs) to daily regional mean SSFldeg SW fluxes, which are then averaged to produce monthly
SW TOA fluxes. The DCRs consist of SYN1deg-to-SSF1deg flux ratios derived using daily mean
SW TOA fluxes between July 2002 and June 2015. The DCRs are defined according to calendar
month, surface type, latitude, and a daily Diurnal Asymmetry Ratio (DAR), defined by the
morning-minus-afternoon GEO-derived SW flux normalized by the 24-h average (see Loeb et al.,
2018a for details). For March 2000-June 2002, TOA fluxes are based upon CERES observations
from the Terra spacecraft, while for July 2002 onwards, CERES observations from both Terra and
Aqua are utilized in order to improve the accuracy of the diurnal corrections. The diurnal
corrections applied to SSF1deg fluxes dramatically improve the EBAF record by minimizing the
impact of geostationary satellite artifacts, especially with respect to temporal regional trends.

The uncertainty in 1°x1° regional SW TOA flux is evaluated separately for 03/2000-
06/2002 (Terra-Only period) and for 07/2002-12/2010 (Terra-Aqua period). To determine
uncertainties for the Terra-Only period, we use data from the Terra-Aqua period and compare
regional fluxes derived by applying diurnal corrections to the Terra SSF1deg product with regional
fluxes determined by averaging fluxes from the Terra and Aqua SYNldeg data products. The
SYNldeg products combine CERES observations on Terra or Aqua with five geostationary
instruments covering all longitudes between 60°S and 60°N, thus providing the most temporally
and spatially complete CERES dataset for Terra or Aqua. For 03/2000-06/2002 (Terra-Only
period), the overall regional root-mean-square (RMS) error is 4 Wm™=. Uncertainties for months
when both Terra and Aqua are available (07/2002-12/2010) are determined by comparing regional
fluxes derived by applying diurnal corrections to the average of Terra and Aqua SSF1deg fluxes
with average Terra and Aqua regional fluxes from SYNI1deg. In that case, the regional RMS error
decreases to 2.7 Wm™. To place these results into context, the regional RMS difference between
Terra and Aqua SYN1deg SW TOA fluxes is 4.4 Wm™.

(ii) LW TOA Flux

LW TOA fluxes in EBAF are derived directly from the Terra+tAqua CERES SYNldeg
data product for March 2000—December 2010. In contrast to the SW, geostationary instruments
carry onboard calibration sources (blackbodies) to correct for instrument drift in the LW.
Consequently, the trend from EBAF falls within 0.1 Wm™ per decade of SSF1deg, which only
relies on CERES.

B.7  Surface Energy Balanced and Filled Product (EBAF-SFC)

Surface radiative fluxes are determined from retrieved cloud and aerosol properties and
temperature and humidity from reanalysis through 1D radiative transfer theory. In addition, they
are constrained monthly and regionally using TOA fluxes from EBAF-TOA. When compared with
surface observations at 46 buoys and 36 land sites (Kato et al. 2018), EBAF-SFC monthly mean
downward fluxes are within 5 Wm for SW, 2 Wm for LW averaged over the ocean sites, and 1
Wm for both SW and LW averaged over the land sites. In addition, the correlation coefficient
between EBAF-SFC and surface-observed deseasonalized anomalies in monthly mean regional
flux is better than 0.93 over ocean (see Figure B15) and 0.97 over land for both SW and LW. The
standard deviation of computed minus observed monthly anomalies is <0 .4 Wm™ for LW while
for SW it is < 0.7 Wm™ over ocean and < 0.3 Wm™ over land.
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Figure B15 Monthly deseasonalized anomalies computed with downward (top) SW and (bottom) LW irradiances

measured at 46 buoys (black lines). Red lines indicate deseasonalized anomalies computed with Ed4
EBAF using grid boxes containing the buoys. Numbers shown on the top-right corner are correlation

coefficients between (top) computed and observed deseasonalized anomalies and between (bottom)
computed anomalies and number of sites used for computing anomalies. Gray shading indicates the

number of sites used to compute anomalies. (From Kato et al., 2018).

65



Appendix C Selected Highlights from Peer-Reviewed Journal Publications
C.1 Earth’s Energy Budget

e Trenberth and Fasullo (2009) used CERES Terra, ocean heat content, and reanalysis data to
provide a summary of the overall energy balance for the global atmosphere, ocean and land
domains (Figure C.5.4). Of the 2.6 PW of net radiation into the system over ocean,
approximately 0.4 PW are absorbed by the ocean, and 2.2 PW are transported from ocean to
land by the atmosphere to compensate for the net radiation out of the system over land.
Approximately 0.01 PW of the net flux imbalance goes into land and melting of ice.

Mean Fluxes + 20;: Best Estimate

(P OCEAN

LAND

*Values for the net flux into ocean are based on 1996-2003 values frm Willis et al. (2004).

Figure C.5.4 March 2000 to May 2004 mean CERES TOA fluxes (PW) globally (center) and for global land (right) and
global-ocean (left) regions. Sl is the solar irradiance and the net downward irradiance RT=ASR-OLR. The
arrows show the direction of the flow. The net surface flux (Fs) is also given along with the energy flow
from ocean to land. From Trenberth and Fasullo, 2009).

e Trenberth and Fasullo (2017) combine CERES TOA radiation and atmospheric and ocean
reanalyses to determine a new estimate of ocean heat transports for 2000 through 2013
throughout the Atlantic. Peak Atlantic northward ocean heat transports average 1.18 + 0.13
PW (1 sigma) at 15°N but vary considerably in latitude and time. Results agree well with
observational estimates at 26.5°N from the RAPID array, but for 2004-2013 the meridional heat
transport is 1.00 £ 0.11 PW versus 1.23 £ 0.11 PW for RAPID. In addition, these results have no
hint of a trend, unlike the RAPID results. Strong westerlies north of a meridian drive ocean
currents and an ocean heat loss into the atmosphere that is exacerbated by a decrease in ocean
heat transport northward.
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e Using satellite records of cloud amount from imager radiances and all-sky albedo from CERES
and ERBE spanning the 1980s through the 2000s, Norris et al. (2016) provide evidence of large-
scale decadal cloud pattern changes that correlate well with those produced by model
simulations of climate with recent historical external radiative forcing. Both cloud amounts and
all-sky albedos exhibit significant decreases at mid-latitudes around 40°S and 40°N and
increases in the northern tropics. The observed and simulated cloud amount and albedo
pattern changes are consistent with a poleward retreat of mid-latitude storm tracks and
expansion of the subtropical dry zones. The study highlights the need for maintaining stable
observational records over multiple decades.

e Loeb et al. (2015) use CERES TOA and surface radiation data, ERA-Interim divergence of total
atmospheric energy transport, and GPCP precipitation observations to evaluate how climate
models represent linkages between hemispheric asymmetries in atmospheric and oceanic
energy budgets, tropical precipitation and the mean position of the ITCZ. Climate models with
greater SH than NH tropical precipitation overestimate the SH-NH asymmetry in net downward
surface radiation compared to CERES, and overestimate heating of the SH atmosphere. This
results in anomalous SH to NH cross-equatorial heat transport via the upper branch of the
northern Hadley Cell and anomalous transport of moisture from the NH to SH via the lower
branch, which supplies moisture to a SH ITCZ.

e Hartmann and Ceppi (2014) analyze trends in CERES SW observations from March 2000-
February 2013 over the Arctic. The trend in Arctic ice is clearly evident in the time series of
reflected shortwave radiation, which closely follows the record of ice extent (Figure C.5.5). The
data indicate that, for every 10°® km? decrease in September sea ice extent, annual-mean
absorbed solar radiation averaged over 75°-90°N increases by 2.5 Wm?2, or about 6 Wm?
between 2000 and 2012. CMIP5 models generally show a much smaller change in sea ice extent
over the 1970-2012 period, but the relationship of sea ice extent to reflected shortwave is in
good agreement with recent observations.
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Figure C.5.5 (left) Annual-mean CERES reflected shortwave area averaged from 75° to 90° N for each (March—
February average) vs the sea ice extent in September of the same year. (right) Scatterplot of annual-
mean CERES shortwave reflected averaged over the area poleward of 75° N vs Arctic sea ice extent in
September for 2000-12. (From Hartmann and Ceppi, 2014).
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e DeAngelis et al. (2015) use SW flux absorbed in the atmosphere computed from EBAF-TOA
and EBAF-SFC to determine the error in atmospheric energy balance and precipitation change
predicted by climate models. Using an ensemble of climate models, they show that models
that underestimate the increase in shortwave atmospheric absorption associated with
increasing water vapor generally overestimate the increase in precipitation.

e Using an atmospheric and surface energy budget closure framework, CERES data products are
used to: assess precipitation biases in climate models (Levine and Boos 2017), understand
shifts in the latitude of the intertropical convergence zone (Boos and Korty 2016), and
diagnose changes in soil moisture and pH balance (Slessarev et al. 2016).

e CERES observations are used together with reanalysis data to determine new estimates of
large-scale Arctic atmospheric energy budget (Porter et al., 2010). The convergence of total
transport is determined from the residual of net surface flux and time change in atmospheric
energy storage using CERES TOA radiation and reanalysis data. This approach yields results that
are more physical compared to estimates derived from mass-corrected flux values from
reanalysis data alone. Monthly mean anomalies of budget terms are used to examine
conditions leading to the extreme seasonal sea ice extent minimum of September 2005 and the
role of the ice albedo feedback process.

e Using a decade of CERES observations Voigt et al. (2012) show that while the Northern
hemisphere reflects more solar radiation than the Southern hemisphere under cloud-free
conditions owing to the asymmetric distribution of continents and aerosols between the
hemispheres, the Earth exhibits near-perfect symmetry in planetary albedo between the
hemispheres for all-sky conditions. This is a unique property of Earth, as most partitions of Earth
into random halfs do not exhibit hemispheric symmetry. The results motivate further research
on the possible mechanisms that lead to hemispheric symmetry in planetary albedo.

e Synergistic use of observations from CERES, MODIS, CALIPSO and Cloudsat has led to a major
revision of our understanding of the Earth’s energy budget (Stephens et al., 2012; Kato et al.,
2011; Wild, 2012), particularly at the surface, which controls evaporation at the surface and
thus global precipitation response to climate forcing (Figure C.5.6).
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Figure C.5.6 Observed and CMIP5 climate model deduced energy fluxes (all in Wm™2) at the (a) TOA and (b) surface.

(From Stephens et al., 2012)

C.2 Cloud Processes and Feedbacks

e Dessler 2013 compares CERES-derived regional cloud feedbacks with those from two climate
model ensembles, one dominated by internal variability (the control ensemble) and the other
dominated by long-term global warming (the A1B ensemble) (Figure C.5.7). There are general
similarities between the total cloud feedback in the observations and the control ensemble but
almost all of the control runs predict a positive total cloud feedback in the tropical Pacific, which
is inconsistent with the observations. For the A1B ensemble, the total cloud feedback is
spatially more uniform than the total cloud feedback in response to ENSO.

Longwave Shortwave
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control
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Figure C.5.7 (left) LW cloud feedback, (middle) shortwave cloud feedback, and (right) net cloud feedbacks, for (top)
CERES, (middle) the control ensemble, and (bottom) the A1B ensemble. In all panels, the units are W m2 KL,
Note that the color scale varies among the panels. (From Dessler, 2013).
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e CERES data products have enabled new insights on climate feedback and climate sensitivity.
Brient and Schneider (2016) use CERES data to show that shortwave reflection by low clouds
over tropical oceans robustly decreases when the underlying surface warms, implying a positive
shortwave feedback from tropical low clouds (TLCs). They use climate model simulations to
argue that present-day observations of TLC reflection and surface temperature can narrow
uncertainty in the strength of the shortwave TLC feedback under global warming and constrain
equilibrium climate sensitivity (ECS). Using a weighting of climate models according to how well
they reproduce CERES observations gives a ECS estimate with a most likely value of 4 K, and
with a probability of less than 5% for values below 2.3 K.

e Nam et al. (2012) analyze outputs from multiple climate models participating in CMIP5 and
compare them with CERES, CALIPSO and PARASOL observations. Compared to CERES all models
overestimate the magnitude of both the SW and LW radiative effects of clouds. The models
produce overly bright but too few low-clouds, and overestimate mid- and high-clouds above
low clouds.

e Stephens et al. (2010) use observations from the A-Train constellation (Cloudsat, CALIPSO,
Aqua CERES, MODIS, and AMSR-E) to study the properties of precipitating and non-
precipitating low clouds. Results show that approximately 40% of low clouds precipitate (drizzle
or rain), and that MODIS and AMSR-E cloud liquid water path (LWP) data agree when carefully
screened for both overcast conditions and for a lack of precipitation. Precipitating low clouds
tend to have larger liquid water paths, effective radii and optical depths compared to non-
precipitating low clouds. Comparisons with global models reveal that models overestimate LWP
and underestimate low cloud effective radius. As a result, low cloud optical depths are too high
in models, resulting in an underestimation in the absorbed shortwave radiation by 10 Wm=
between 30°S-30°N and 30 Wm™ locally, based upon model comparisons with CERES TOA
fluxes.

e Bryan et al. (2010) use satellite observations of surface winds from QuikSCAT, SST from AMSR-
E, and TOA albedo from CERES to evaluate the representation of frontal scale air—sea
interaction in high-resolution coupled climate models. The characteristics of frontal scale
ocean—atmosphere interaction are realistically captured only when the ocean component is
eddy resolving. Response to mesoscale SST features is strongest in the atmospheric boundary
layer, but there is a deeper reaching response of the atmospheric circulation apparent in free
tropospheric clouds. A positive correlation exists between high-pass filtered albedo and SST in
the experiments with eddy-resolving oceans as well as in the CERES and AMSR-E satellite
observations, but is absent in the experiment with lower ocean resolution. This is the first study
to show the mesoscale SST influence on clouds and albedo using global observations over open
ocean.

o CERES data have extensively been used to evaluate cloud-radiation processes in climate
models. This includes evaluation of new ice cloud parameterizations (Baran et al, 2016;
Eidhammer et al., 2016; Chern et al., 2016), low cloud parameterizations (Cheng and Xu,
2015), mixed-phase cloud parameterizations (Furtado et al., 2016), parameterizations of deep
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convection (Boyle et al., 2015; Guo et al., 2015; Wang and Zhang, 2016), and parametrizations
of subgrid-scale cloud water content variability (Hill et al., 2015). CERES data products
provided new insights on CMIP5 GCM model ice cloud biases (Li et al., 2016), solar radiation
budget biases due to inadequate representation of supercooled liquid water clouds (Bodas-
Salcedo, 2016; McCoy et al., 2016), and biases in surface radiative fluxes (Loew et al., 2016;
Zhang et al., 2016; Cretat et al., 2016).

C.3 Aerosol Radiative Forcing

e Satheesh and Ramanathan (2000) introduce a novel method of using CERES/TRMM TOA flux
observations combined with independent surface radiometers to quantify aerosol direct
radiative forcing (ADRF) simultaneously at the Earth's surface and TOA over the tropical
northern Indian Ocean to within 5%. Mean clear-sky solar radiative heating associated with
anthropogenic aerosols from the south Asian continent for the winters of 1998 and 1999
decreased at the ocean surface by 12 to 30 Wm, but only by 4 to 10 Wm™ at the TOA. This
threefold difference (due largely to solar absorption by soot) and the large magnitude of the
observed surface forcing both imply that tropical aerosols might slow down the hydrological
cycle.

e Stevens (2015) calculate the difference in clear-sky albedo over the oceans between latitudes
in the northern hemisphere and the corresponding latitudes in the southern hemisphere from
CERES observations and CMIP5 AMIP model simulations for 2001-2013 (Figure C.5.8). At
latitudes between 25° and 50°, where anthropogenic sources are expected to be large and
contributions from mineral dust should be less important, models show roughly a factor of 5
larger hemispheric asymmetry than observations. Because anthropogenic aerosols are far
more abundant in the NH, the results suggest that the models may be substantially overstating
the magnitude of ADRF.
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Figure C.5.8 Asymmetry (A(¢)) in zonally and annually averaged albedo over the oceans as a function of sine of
latitude (¢). CERES measurements (blue) and the multimodel mean (dotted), excluding one outlier model
(MRI-CGCM3). The mean between 25° and 50° latitude of the individual models and of CERES is indicated
by the minor tick marks on the ordinate axis. (From Stevens et al., 2015).

e Conservation of energy is used in Murphy et al. (2009) as a constraint in order to determine the
combined aerosol direct and indirect radiative forcing, currently the least understood forcing
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acting on the climate system. The time dependence of various components of the Energy
budget is derived from observations of surface temperature, ocean heat content, CERES TOA
radiative fluxes, and radiative calculations of forcing due to greenhouse gases, volcanic aerosols
and the sun. The direct and indirect radiative forcing by aerosols, determined as a residual term
in the energy budget, is estimated to be -1.1+ 0.4 W/m?, consistent with the IPCCs AR4 best
estimate.

A novel approach was developed for studying aerosol-cloud interactions by combining MODIS
and CERES observations with airmass back trajectory analysis and meteorological assimilation
data in a study region off the west coast of Africa (Su et al., 2010). The back trajectory analysis
separates oceanic and continental aerosol populations. Differences in MODIS cloud properties
and CERES TOA albedo between the two populations were examined after controlling for
differences in large-scale dynamics and thermodynamic state using meteorological assimilation
data (estimated inversion strength, vertical velocity at 700 hPa). For various cloud liquid water
path ranges, regions associated with aerosols of continental origin have higher cloud fraction,
smaller cloud droplet effective radii, and significantly larger cloud optical depths and TOA
albedos than those associated with oceanic origin. For cloud fraction greater than 80%,
differences in effective radius, cloud optical depth and albedo are markedly reduced.

Yorks et al. (2009) investigated the influences of African dust and smoke aerosols on cloud
radiative effects over the tropical Atlantic Ocean for the month of July using 3 years (2006—
2008) of collocated CALIPSO and CERES Aqua observations. Aerosol layer height and type below
and above clouds are determined using CALIPSO, and SW and LW radiative fluxes are provided
by CERES. When elevated Saharan dust layers are present above low-level clouds, SW radiative
cooling is reduced by up to 30% compared to low-cloud cases in which there is no overlying
dust. Similarly, in the case of smoke above low-level clouds, the SW radiative cooling is reduced
by 12%. This study suggests there is a pronounced ADRE whereby absorption by dust or smoke
layers above clouds reduces outgoing SW radiation at the TOA.

Engstrom et al. (2015) use CERES and MODIS data to examine the spatial distribution of albedo
variability that is independent of variations in cloud fraction and liquid water path (LWP) in
order to find geographically coherent patterns of albedo enhancement and suppression
associated with aerosol sources and sinks. The analysis is capable of sensing very small changes
in average albedo of the order of 0.003 out of a total albedo of the order of 0.3.

Christopher et al (2006) combine MODIS narrowband measurements with broadband CERES
radiative fluxes to provide a measurement-based assessment of the global direct climate
forcing of anthropogenic aerosols at the TOA for cloud free oceans. They find that the mean
TOA DCF of anthropogenic aerosols over cloud-free oceans (60N—60S) is -1.4 + 0.9 Wm2,

Quaas et al. (2008) introduce a new method for deriving measurement-based estimates of
aerosol direct and indirect radiative forcing using CERES and MODIS. They derive a statistical
relationship between planetary albedo and cloud properties, and between the cloud properties
and column aerosol concentration. Combining these relationships with a data set of satellite-
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derived anthropogenic aerosol fraction, they estimate an anthropogenic radiative forcing of -
0.9 + 0.4 Wm™ for the aerosol direct effect and -0.2 + 0.1 Wm™ for the cloud albedo effect. The
results suggest that current global climate models may overestimate the cloud albedo effect.

e Sundstrom et al. (2015) use CERES and MODIS to determine the ADRE over China. Over
heavily industrialized areas, the cooling at TOA reached -15 Wm, and the associated AODs
exceeded 0.5. Over the entire domain (20°N-45°N, 100°E-125°E), ADRE was -5 Wm™, with a
strong seasonal variation.
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ADM Angular Distribution Model

ADRE Aerosol Direct Radiative Effect

ADRF Aerosol Direct Radiative Forcing

AIRE Aerosol Indirect Radiative Effect

AMSR-E Advanced Microwave Scanning Radiometer for EOS

AO Announcement of Opportunity

AOD Aerosol Optical Depth

ASIC3 Achieving Satellite Instrument Calibration for Climate Change
ATBD Algorithm Theoretical Basis Document

BDS BiDirectional Scan

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
CCSDS Consultative Committee for Space Data Systems

CDR Climate Data Record
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CERB
CERES
CLARREO
CMIP
CRE
DS
EBAF
EDOS
EEI
EOS
ERB
ERBE
ERBS
ESD
EUMETSAT
EV
EVC
EVI
EVM
EVS
FACA
FM
GCM
GCOS
GERB
GSICS
ICM
IPCC
JPSS
LW
MAM
MLT
MODIS
NFBB
NFOV
NASA
NASEM
NCDC
NCEI
NOAA
NRC
OLR
PAP
PDO

Continuity of Earth Radiation Budget

Clouds and the Earth’s Radiant Energy System
Climate Absolute Radiance and Refractivity Observatory
Coupled Model Intercomparison Project
Cloud Radiative Effect

Decadal Survey

Energy Balanced and Filled

EOS Data and Operations System

Earth’s Energy Imbalance

Earth Observing System

Earth Radiation Budget

Earth Radiation Budget Experiment

Earth Radiation Budget Satellite

Earth Science Division

European Organization for the Exploitation of Meteorological Satellites

Earth Venture

Earth Venture-Continuity

Earth Venture-Instrument

Earth Venture-Mission

Earth Venture-Suborbital

Federal Advisory Committee Act

Flight Model

General Circulation Model

Global Climate Observing System

Geostationary Earth Radiation Budget

Global Space-Based Intercalibration System
Internal Calibration Module

Intergovernmental Panel on Climate Change
Joint Polar Satellite System

LW

Mirror Attenuator Mosaic

Mean Local Time

Moderate Resolution Imaging Spectroradiometer
NFOV Blackbody

Narrow Field-Of-View

National Aeronautics and Space Administration
National Academies of Sciences, Engineering, and Medicine
National Climate Data Center

National Centers for Environmental Information
National Ocean and Atmospheric Adminstration
National Research Council

Outgoing LW Radiation

Programmable Azimuth Plane

Pacific Decadal Oscillation
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PFM

Pl

PSF
RAP
RBI
RBSP
RCF
RCP
RMS
RMSE
RSR
ScaRaB
SFC

Sl
SNPP
SNO
SORCE
SRF
SSF
SST
SW
SWG
SWICS
SWRS
TACR
TOA
TOT
TRMM
VIIRS
VIRS
WFOV
WN

Proto-Flight Model

Principal Investigator

Point-Spread Function

Rotating Azimuth Plane

Radiation Budget Instrument

Radiation Budget Science Project
Radiometric Calibration Facility
Representative Concentration Pathways
Root-Mean-Square

Root-Mean-Square Error

Reflected Solar Radiation

Scanner Radiation Budget

Surface

Systéme Internationale

Suomi National Polar-orbiting Partnership
Simultaneous Nadir Overpass

Solar Radiation and Climate Experiment
Spectral Response Function

Single Scanner Footprint

Sea-Surface Temperature

Shortwave

Science Working Group

Shortwave Internal Calibration Source
Shortwave Reference Source

Transfer Active Cavity Radiometer
Top-Of-Atmosphere

Total

Tropical Rainfall Measuring Mission
Visible Infrared Imaging Radiometer Suite
Visible and Infrared Scanner

Wide Field-Of-View

Window
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